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Microwave  devices  are  widely  used  in  both  military  and  civilian  communications  systems.  During  the  last 
decades,  we  have  witnessed  incredible  progress  in  high  frequency  semiconductor  electronics  and,  in  particular, 
a  movement  towards  the  synthesis  of  different  electronic  components  into  integrated  circuits.  The  obvious 
obstacle,  however,  to  an  increased  use  of  microwave  and  millimeter  wave  technology  is  the  lack  of  advances  in 
magnetic  structures  at  high  frequencies,  10-100  GHz.  The  main  goal  of  this  project  was  to  look  at  both 
fundamental  and  applied  physics  relating  to  high  frequency  (10-100  GHz)  waves  in  magnetic  materials  and 
devices.  We  have  developed  three  different  signal  processing  devices:,  tunable  band  stop  and  hand  pass  filters 
and  tunable  phase  shifters  based  on  the  ferromagnetic  metals.  We  demonstrated  operation  of  these  devices  at 
frequencies  up  to  30  GHz  in  low  magnetic  fields. 
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4)  Statement  of  the  problem  studied 

The  main  objective  of  our  program  was  to  develop  a  series  of  the  microwave  devices  based  on  ferromagnetic 
metals.  In  particular,  we  developed  processes,  based  on  the  sputtering  technique,  which  allow  us  to  make 
band  stop  and  band  pass  filters  and  phase  shifters.  We  have  successfully  accomplished  this  goal.  We  have 
also  employed  different  schemes  to  increase  operation  frequency  of  our  devices.  In  addition,  we  studied 
different  materials  which  could  allow  us  to  boost  the  frequency  response  of  our  structure  by  employing  the 
exchange  bias  or  exchange  coupling  in  layers  structures.  We  describe  a  summary  of  our  findings  below. 

5)  Summary  of  the  most  important  results 
(a)  Tunable  Band  stop  filters 

Tunable  filters  based  on  the  ferrimagnetic  dielectric  YIG  are  a  well-established  technology  that  works  well 
at  lower  frequencies.  Band-stop  or  notch  filters,  for  example,  rely  on  ferromagnetic  resonance  (FMR)  to 
absorb  microwave  power  at  the  FMR  frequency.  This  frequency,  f,  is  set  by  material  properties,  such  as 
saturation  magnetization,  Ms  ,  anisotropy  fields,  Ha ,  the  gyromagnetic  ratio,  y,  and  the  magnitude  of  an 
applied  field,  H.  If  the  applied  field  is  along  the  easy  axis,  the  frequency  is  given  by 

f  =  yV(H  +  H,XH  +  H1+41tMs)  (1) 

and  therefore  the  resonance  frequency  can  be  varied  with  an  electromagnet.  The  maximum  field  produced 
by  the  electromagnet  determines  the  upper  limit  for  the  band-stop  frequency.  For  YIG  with  a  low  47rMs  = 
1.75  kG  and  no  anisotropy  an  applied  field  of  over  11  kOe  is  necessary  to  reach  frequencies  of  about  35 
GHz.  Such  large  fields  are  incompatible  with  devices  of  a  limited  size  since  substantial  electromagnets  are 
required.  For  Fe  based  devices  one  needs  only  field  of  4.7  kOe  to  reach  35  GHz. 

While  Fe  has  a  much  higher  resonance  frequency  for  the  same  applied  field,  its  conductivity  can  lead  to 
high  loss  at  microwave  frequencies.  However,  structures  utilizing  thin  Fe  films  minimize  conduction  loss 
while  still  producing  high  attenuation  at  the  band-stop  frequency.  Early  attempts  at  producing  Fe-film- 
based  structures  succeeded  in  making  filters  with  high  band-stop  frequencies  and  low  broadband  loss. 
However,  the  maximum  attenuation  only  reached  about  4-5  dB/cm. 


Our  theoretical  calculations  indicated  that 
attenuation  in  the  notch  filters  was  inversely 
proportional  to  the  thickness  of  the  waveguide. 
Based  on  this  work,  we  have  recently  constructed 
microstrip  band-stop  filters  using  a  different 
geometry  and  growth  method,  resulting  in  much 
higher  attenuation.  Previous  filter  structures  used 
epitaxial  Fe  films  grown  directly  on  semi-insulating 
GaAs  wafers.  The  backside  of  the  wafer  and  the  Fe 
films  were  then  coated  with  a  high  conductivity 
metal.  The  Fe  side  was  then  etched  into  a  strip  to 
form  the  microstrip  structure.  For  these  filters,  high 
quality  Fe  with  a  linewidth  of  35  Oe  is  required  to 
get  even  a  small  attenuation.  Our  devices,  in 
contrast,  consist  of  layers  deposited  on  only  one 


plane 


Fig.  1  Microstrip  geometry  of  our  band  pass 
filter 


side  of  a  GaAs  (001)  wafer  as  shown  in  Fig.  1.  This  allows  us  to  have  a  much  thinner  dielectric  layer  which 
ultimately  results  in  a  much  higher  attenuation.  Most  of  the  previous  devices  have  been  fabricated  using 
Molecular  Beam  Epitaxy  (MBE),  a  process  which  is  not  usually  compatible  with  industrial  techniques  for 
mass  production.  In  contrast,  we  have  constructed  magnetic  devices  grown  by  magnetron  sputtering,  a 
technique  commonly  used  in  industry.  The  sputtering  technique  has  a  second  advantage.  MBE  grown  films 
are  generally  thin,  less  than  100  nm,  but  the  microwave  devices  often  require  films  with  thicknesses  that  are 
much  larger,  1-2  microns.  This  is  because  the  film  thickness  should  be  on  the  order  of  the  skin  depth  in  the 
magnetic  material.  The  sputtering  technique  is  quite  capable  of  producing  these  thicker  films. 

In  addition  to  the  microstrip  geometry  we  explored  a 
new  geometry  -  a  coplanar  waveguide  (CPW).  For  this 
structure,  illustrated  in  Fig.  2,  we  again  used  GaAs 
substrates.  However,  in  this  case  also  the  sample  was 
prepared  in  a  sputtering  system.  We  deposited  either  a 
Permalloy  (Py)  or  Fe  film  on  top  of  a  thin  Ta  adhesion 
layer.  The  thicknesses  of  the  magnetic  layers  were 
typically  between  750nm  and  1000  nm.  The 
ferromagnetic  layers  were  protected  from  oxidization 
with  a  thin  Cu  film.  The  films  were  patterned  by 
photolithography  followed  by  sputter  etching  in  an  Ar 
atmosphere.  The  lines  were  designed  for  a  nominal 
characteristic  impedance  of  50  Q.  The  waveguides 
made  two  right-angle  bends  to  allow  probes  to  contact 
from  the  sides,  while  a  field  was  applied  parallel  with 
the  length  of  the  line.  The  lines  are  wide  near  the  two 
ends  to  allow  for  probing  but  narrow  in  the  middle  to 
increase  the  magnitude  of  the  resonance  effects.  Figure 
2  shows  a  photograph  of  one  right-angle  bend  and 
width  transition,  including  dimensions. 

We  characterized  our  structures  from  0.5  to  40  GHz  using  an  automated  vector  network-analyzer  (VNA), 
and  a  micro-probe  station;  the  on  wafer  calibration  was  done  using  the  NIST  Multical®  software  for  the 
through-short-line  (TRL)  calibration  procedure.  The  longest  and  the  shortest  lines  used  for  calibration  were 
0.71  and  0.25  cm  to  cover  the  entire  frequency  range  of  interest. 

In  Figure  3  we  depicted  an  example  of  transmission  as  a  function  of  frequency  for  the  Py  based  microstrips. 
The  insertion  loss  over  most  of  the  region  is  on  the  order  of  2-3  dB  while  the  power  attenuation  is  close  to 
values  of  100  dB/cm.  The  width  of  the  attenuation  dip  (measured  at  3  dB  above  the  minimum,  i.e.  half 
maximum)  becomes  distinctly  narrower  at  higher  frequencies  (0,4  GHz  for  the  dip  at  20  GHz  compared  to  a 
width  of  0.82  GHz  at  4.3  GHz).  This  narrowing  of  the  width  of  the  attenuation  peak  is  consistent  with  our 
theoretical  results  as  seen  in  the  inset.  In  Figure  4  we  show  the  results  for  an  Fe  based  microstrip.  For  the 
Fe-based  structure  the  insertion  loss  is  somewhat  larger,  between  3-5  dB.  The  power  attenuation  is 
dramatically  larger,  180  dB/cm  at  30  GHz.  Again  we  seen  a  narrowing  of  the  width  of  the  attenuation  dip  - 
it  is  3  GHz  at  11  GHz  and  narrows  to  1.9  GHz  at  30  GHz. 

We  have  also  found  that  we  may  use  the  effect  of  the  shape  anisotropy  to  increase  the  operational  frequency. 
The  magnetic  material  in  our  structure  is  in  the  form  of  a  long  ribbon  with  the  following  dimensions  -  length 
=  3  mm,  width  =18  pm,  thickness  =  0.35  pm.  This  leads  to  the  following  dynamic  demagnetizing  factors, 
Nx  =  0.966,  Ny  =  0.034,  and  Nz  =  0.  The  formula  for  the  resonance  condition  is  now  given  by 

f  =  yV(h  +  H,  +  (N, -N,)47tMjH  +  H.  +  (Nx  -N,)4itMs)  (2) 

If  we  calculate  the  frequency  at  zero  applied  field,  we  find  that  without  the  shape  anisotropy  the  frequency 
is  zero  (if  Ha  =  0)  and  with  file  shape  anisotropy  the  frequency  is  about  1 1  GHz  for  the  Fe  structure  and 


about  5  GHz  for  Permalloy.  This  is  a  substantial  boost  in  operational  frequency  which  agrees  very  well 
with  experimental  data  (see  Figure  3  and  4.) 


We  show  the  dependence  of  the  operational 
frequency  on  applied  field  in  Figure  5.  The  dots 
represent  the  experimental  results  and  the  solid  lines 
are  the  theoretical  results  based  on  Eq.  (2)  with  no 
adjustable  parameters.  The  dashed  line  represents 
the  theoretical  results  in  the  absence  of  shape 
anisotropy.  The  effect  of  the  shape  anisotropy  is 
clearly  present  in  the  experimental  data,  particularly 
at  low  magnetic  fields.  The  effect  is  substantially 
larger  in  Fe  than  in  Permalloy  because  the  saturation 
magnetization  in  Fe  is  more  than  double  that  of 
Permalloy. 

The  same  devices  can  also  produce  a  phase  shift,  and 
we  have  characterized  the  phase  shift  in  our 
microstrips  as  a  function  of  the  magnetic  field.  The 
attenuation  of  the  signal  in  these  devices,  for  each 
frequency,  is  below  3  dB.  The  results  measured  in 
the  Fe-based  microstrip  are  on  the  order  of  360 
deg/cm  with  an  applied  field  of  1  kOe.  The  observed 
phase  shift  for  the  Permalloy-based  devices  was 
smaller,  on  the  order  of  100  deg/cm,  again  with  a 
magnetic  field  of  1  kOe. 


The  devices  based  on  co-planar  waveguide  (CPW)  geometry  exhibited  much  smaller  effects.  From  the 
measured  scattering  transmission  matrix  coefficients  S21  we  estimated  file  resonance  insertion  loss  that  for 
Fe-based  CPW  filter  was  ~  35  dB/cm  in  the  entire  applied  magnetic  field  range,  hi  addition,  the  total 
insertion  loss  of  the  measured  device  has  an  additional  non-magnetic  insertion  loss  of  12  dB.  In  contrast, 
the  transmission  scattering  matrix  coefficient  S2i  for  the  Py-based  CPW  filter  exhibited  insertion  loss  for 
this  filter  is  ~  10  dB/cm  with  an  additional  non-magnetic  insertion  loss  of-  7  dB. 


In  summary,  we  have  prepared  a  series  of  the  band  stop  filters  using  microstrip  and  co-planar  geometries 
and  employing  ferromagnetic  metals  as  an  active  element.  The  microstrip  based  devices  exhibit  superior 
properties  (small  insertion  loss,  very  high  attenuation)  when  compared  to  the  co-planar  device. 

(b)  Tunable  band  pass  filter 


We  have  constructed  a  novel  band  pass  filter  using  a  layered  structure  with  at  least  two  different  magnetic 
materials.  This  filter  works  in  the  5-50  GHz  range  with  external  magnetic  fields  of  below  10  kG.  The  key 
idea  is  that  each  of  the  magnetic  materials  absorb  electromagnetic  waves  at  a  different  frequency.  For 
example  using  Fe  and  Permalloy  as  the  magnetic  films  and  an  external  field  of  2.5  kG  one  can  have 
absorption  bands  centered  at  17  GHz  and  22  GHz.  The  region  between  these  absorption  bands  has  low 
attenuation  and  acts  a  band  pass  filter.  This  filter  is  tunable  because  an  external  magnetic  field  controls  the 
position  of  the  absorption  bands. 


One  geometry  for  such  a  band  pass  filter  is  shown  below  (see  Figure  6).  The  thicknesses  of  the  Fe  and 
Permalloy  are  critical  -  The  Fe  thickness  must  be  relatively  small  to  minimize  eddy  current  effects  and  is 
typically  on  the  order  of  0.15  micrometers.  Because  the  Permalloy  has  a  narrower  linewidth  and  lower 
conductivity  the  thickness  of  the  Permalloy  should  be  substantially  thicker  than  the  Fe,  typically  0.4 
micrometers.  Initial  experimental  results  for  this  structure  are  shown  below. 


Fig.  6  Cross-section  of  the  band  pass  filter 

We  also  have  theoretical  calculations  for  this  effect. 
Using  the  same  parameters  as  discussed  above  we 
find  the  results  shown  in  Figure  8.  The  between 
theory  and  experiment  is  excellent.  Other  geometries 
are  also  possible.  One  can  include  additional  magnetic 
layers  and  dielectric  layers  to  improve  the  transmission 
in  the  band  pass  region  and  extend  the  band  stop 
regions.  Coplanar  waveguides  using  two  different 
magnetic  materials  are  also  possible. 

In  summary,  the  band  pass  filter  based  on  two 
ferromagnetic  metals  shows  a  lot  of  promise,  however 
additional  work  is  needed  to  refine  its  properties.  In 
particular,  one  needs  to  decrease  the  insertion  loss 
(currently  at  6  dB)  to  a  level  of  3-4  dB  at  the  band  pass 
frequency. 
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Fig.  8  Theoretical  calculation  for  band  pass  filter. 
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Abstract  — We  fabricate  coplanar  waveguide  transmission 
lines  with  thin -film  FeuNioj  conductors.  These  lines 
demonstrate  a  power  attenuation  of  10  dB/cm  at 
ferromagnetic  resonance  frequencies  of  5  to  10  GHz  for 
applied  magnetic  fields  less  than  100  mT  (1  kG).  In 
addition,  the  phase  of  the  transmitted  wave  can  be  tuned  by 
about  20  degrees/cm  by  adjusting  an  applied  magnetic  field. 
We  present  a  simple  model  for  the  complex  reflected  and 
transmitted  waves  as  a  function  of  material  characteristics, 
geometry,  and  applied  fleldt  We  model  the  skin  effect 
influence  on  the  transmission  line  circuit  parameters, 
including  the  line  impedance  and  propagation  constant,  by 
considering  the  full  effects  of  the  conductor  permeability 
and  conductivity, 

1  Introduction 

As  communication  applications  progress  to  higher  and 
higher  operating  frequencies,  there  is  increasing  demand 
for  devices  able  to  operate  at  these  frequencies.  Devices 
such  as  tunable  filters  and  phase  shifters  have  traditionally 
relied  on  ferrites  such  as  YIG  for  their  operation  [i].  These 
devices  function  at,  or  close  to,  the  ferromagnetic 
resonance  <FMR)  frequency,  which  is  determined  by 
material  properties  such  as  saturation  magnetization  (M,) 
and  by  applied  magnetic  field.  Due  to  their  relatively  low 
M„  ferrimagnets  require  large  magnetic  fields  in  order  to 
increase  the  resonance  frequency  above  a  few  GHz. 

Ferromagnetic  metals  such  as  Fe  and  permalloy  (Py  or 
Feo^Nioj)  have  much  higher  M,  and  therefore  their 
resonant  frequencies  are  higher  for  a  given  applied  field. 
The  major  drawback  of  these  ferromagnetic  metals  is  their 
high  electrical  conductivity.  Ferrimagnets  are  insulators 
and  have  been  engineered  for  decreased  dielectric  loss. 
Applying  ferromagnetic  metals  in  this  way  is  clearly 
impractical;  Instead,  there  have  been  various  studies  of 
devices  constructed  with  the  ferromagnet  incorporated 
into  a  transmission  line’s  conductive  elements.  The 


theoretical  treatment  of  such  devices  was  explored  by 
Schloemann  and  co-workers  [2]  and  by  Camley  and  Mills 
[3J.  Previous  studies  have  used  a  thin  ferromagnetic  film 
incorporated  in  the  ground  plane  or  signal  conductor  of  a 
microstrip  structure  Our  recent  study  [7]  used  a 

coplanar  waveguide  (CPW)  constructed  of  Py  conductors 
on  a  GaAs  substrate. 

II.  THEORY 

When  modeling  a  line  based  on  a  magnetic  dielectric,  the 
task  usually  involves  starting  with  a  model  that  assumes 
perfect  conductors  and  a  relative  permeability  in  the 
dielectric  equal  to  unity.  Next,  the  equations  are  modified 
to  accommodate  the  complex,  anisotropic  permeability  of 
the  dielectric.  As  a  final  step,  conduction  loss  in  the 
conductors  is  added.  In  our  case,  the  dielectric  is  non¬ 
magnetic  and  all  magnetic  effects  enter  the  model  via  the 
skin  effect  in  the  conductors. 

Modeling  the  skin  effect  is  a  two-step  process.  First,  wc 
extract  the  non-magnetic  skin  effect  and  second  we  modify 
it  with  the  proper  magnetic  contribution.  Extraction  of  the 
skin  effect  is  aided  by  modeling  the  inductance  and 
capacitance  per  unit  length  (L  and  C,  respectively)  by, 

L  =  Hr»og  0) 

and, 

C  =  Mo  (2) 

8 

where  fa  and  fa  are  the  relative  and  free-space 
permittivities,  respectively,  $  and  €q  are  the  relative  and 
free-space  permeabilities,  respectively,  and  g  is  an  unitless 
geometric  factor  that  accounts  for  the  device  geometry.  If 
we  assume  a  lossless  line  with  fa  =  I  (the  usual 
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assumptions  made  in  models  of  “normal”  lines),  we  find 
that  the  impedance  has  the  form, 

za=  IZK=iik>  m 

V  Mb  fa 

and  hence  g  can  easily  be  found  using  equations  in  the 
literature  for  Zq  [8],  Next,  we  recognize  that  2b  is  a  function 
of  skin  depth  as  well  as  the  material  properties,  fa  and  Zq 
is  a  function  of  a,  the  signal  line  width,  6,  the  ground  plane 
spacing,  f,  the  conductor  thickness,  and  ht  the  substrate 
thickness.  These  dimensions  are  defined  in  the  cross 
section  shown  in  Fig.  1.  If  we  correct  a  and  b  for  the  skin 
effect,  we  can  construct  two  equations — one  for  2b,  the 
zero  skin  depth  impedance,  and  another  for  Z*0f  the  finite 
skin  depth  impedance, 


Z0=Z{a,b,t,h), 

(4) 

Z\  =  Z(a-8,b  +  8,t,h). 

(5) 

From  these  two  impedances,  two  g*s  can  be  extracted  (g 
and  g\  respectively).  Note  that: 

g~g  =  Ag>0.  (6) 

Now  we  propose  that  &g  represents  the  added  influence  of 
file  skin  depth  region  of  the  conductors  and  therefore  we 
can  express  the  modified  inductance  V  as: 


Z'=  Vg'= lldM'Ctrig  +fleJT&g ,  '  (7) 

where  fkuintrie  is  assumed  to  be  fa  and  fag- is  an  effective 
permeability  in  the  ferromagnetic  conductor  (a  complex 
quantity).  Note  that  for  non-magnetic  conductors  fa#  is 
equal  to  fa(\  +  j),  where  fa  is  the  do  permeability  of  the 
metal,  and  that  this  formulation  reduces  to  common 
expressions  for  L  and  R  that  account  for  the  skin  effect  [9). 

The  next  task  is  to  derive  expressions  for  the  skin  depth 
and  fas.  First,  note  that  /i  in  the  conductor  can  be 
represented  by  the  "Voigt  permeability"  (fa,ig{)  [2], 

a  -BLhL 

f^voigt  *  © 

ft 

where. 


and 


ft=ft  + 


{YoBo-jTaf-m1  ' 


(9) 


u  MaMs® 

-m* 


(10) 


Bt  is  the  applied  magnetic  field,  Yo  is  the  gyromagnetic 
ratio,  and  T  is  the  damping  factor.  Schloemann  [2] 
proposed  that  the  complex  scalar  instead  of  the  entire 
permeability  matrix,  be  used  to  model  the  interaction  of  EM 
waves  with  ferromagnets.  The  relevance  of  this  approach 
was  rigorously  confirmed  later  by  Astalos  and  Camley  [10]. 
Also  note  that  fat^t  is  not  fajj — the  former  only  includes 
magnetic  effects  and  the  latter  must  include  both  magnetic 
and  electric  (conduction)  effects. 

The  skin  depth  and  fa^both  derive  from  the  propagation 
constant  of  a  wave  in  a  ferromagnetic  conductor: 

7  =  We*w  *  (11) 


where  Q)  is  the  angular  frequency.  As  is  usual  for  a 
conductor. 


£~  —  >  (12) 

m 

where  a  is  the  conductivity.  Hence,  the  skin  depth  as  a 
function  of  frequency  and  applied  field  can  be  found  for  a 
ferromagnetic  conductor  with  known  conductivity  and 
magnetic  properties: 

s~m  <13) 

Below,  we  derive  an  expression  for  faff  using  the 
propagation  constant  First,  we  follow  the  usual  technique 
for  determining  surface  Impedance  using  a  known 
propagation  constant;  that  is,  we  integrate  the  surface 
current  density  due  to  an  electric  field  and  divide  voltage 
by  current.  This  results  in  a  surface  impedance  per  unit 
length  of: 

(14) 

Recognizing  Sw  as  the  geometric  factor  &g  for  a  parallel- 
plate  structure,  we  write: 

zf=4gZMd=;<au  (IS) 

<7 

where  is  the  added  inductance  from  (7)  and 

therefore: 

(l6> 

Knowing  /%,  we  refer  to  (7)  and  hence  we  now  have  an 
expression  for  the  complex  inductance  (containing  L  and 
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R)  per  unit  length.  The  capacitance  per  unit  length  is 
found  via  (2)  and  (3).  The  shunt  conductance  per  unit 
length  is  easily  found  from  the  capacitance  (given  a  known 
dielectric  loss  tangent)  by  considering  a  complex  £  in  (2) — 
this  is  not  described  in  detail  in  this  report. 

Now  that  all  four  circuit  parameters*  R,  L,  C,  and  G,  are 
known,  the  impedance  and  propagation  constant  of  the 
line  can  be  easily  determined  [9]  and  thus  fee  complex 
scattering-parameter  matrix  as  a  function  of  frequency  can 
be  simulated  [1 1]. 


Fig.  1.  Schematic  of  the  CPW  structure  measured.  Note  the 
right-angle  bends  to  allow  probing  from  the  sides  and  the  applied 
field  direction. 


in.  results 

Fig.  I  shows  the  general  construction  of  the  line  used 
for  the  measurements  and  simulations.  The  two  right- 
angle  bends  allow  the  network  analyzer  probes  to  contact 
the  line  from  either  side  while  an  electromagnet  applies  a 
field  in  the  direction  shown.  The  spacing  between  ground 
planes  (b)  is  148  pm  and  the  width  of  the  center  signal  line 
(a)  is  64  pm.  In  our  previous  study*  the  structure  also 
included  a  narrower  region  that  was  designed  to  increase 
the  magnetic  effects:  this  region  has  a  larger  skin  depth 
relative  to  the  conductor  widths.  For  the  material 


Fig.  2.  Comparison  between  transmitted  voltage  magnitude 
experiment  (solid  lines)  and  simulation  (dotted  lines)  for  two 
different  applied  field  values. 


Fig.  3.  Comparison  between  transmitted  voltage  phase 
experiment  (solid  lines)  and  simulation  (dotted  lines)  for  two 
different  applied  fields. 

parameters,  we  used  850  kA/m  for  180  GHzfT  for  %  and 

6.25x10s  fTW1  fora 

Fig.  2  presents  results  demonstrating  the  tunable  notch 
filter  effect.  Note  that  the  solid  experimental  lines  differ 
from  tiie  dotted  simulation  lines  primarily  because  of 
additional  background  attenuation  measured  in  the 
experiment  Note  that,  as  expected,  the  notch  frequency 
increases  with  applied  field  in  accordance  with  the  FMR 
frequency  equation: 

®  =  jW*e(5o+MoMs)  07) 

where  y0  is  tile  gyromagnetic  ratio,  B0  is  the  applied  field, 
and  M%  is  the  saturation  magnetization.  The  notch  depth  is 


485 


about  3  dB  in  voltage  terms  for  a  line  length  of  6,565  mm- 
this  converts  to  about  10  dB/cm, 

The  phase  shift  effect  occurs  near  the  FMR  frequency, 
as  shown  in  Fig,  3,  By  changing  the  applied  field,  the 
phase  of  the  transmitted  wave  can  be  increased  or 
decreased  continuously.  For  example,  at  10  GHz  the  phase 
can  be  increased  by  about  15  degrees  by  increasing  the 
field  and  moving  die  resonance  frequency  closer  to  10 
GHz,  Considering  that  the  line  length  is  6,565  mm,  this 
translates  to  a  phase-shift  of  about  20  degrees/cm.  This 
effect  is  well  approximated  in  the  simulation  (dotted  lines), 
except  that  the  experimental  lines  (solid  lines)  are  shifted 
down  by  about  1 0  degrees, 

IV,  CONCLUSION 

We  present  a  simple  model  for  CPW  structures 
constructed  of  ferromagnetic  conductors  on  a  dielectric 
substrate.  Unlike  transmission  lines  with  magnetic 
dielectrics,  these  structures  demonstrate  magnetic  effects 
that  occur  only  in  die  skin  depth  region  of  the  conductive 
elements.  Hence,  We  modify  the  circuit  elements  to 
account  for  skin  depth  and  develop  an  expression  for 
surface  impedance  that  includes  the  magnetic  effects.  The 
result  is  a  method  for  determining  die  impedance  and 
propagation  constant,  given  device  geometry  and 
magnetic  properties.  Our  simulation  of  Py-based  CPW 
lines  approximates  the  magnitude  and  frequency  position 
of  the  effects  observed  in  our  experimental  measurements. 
Transmission  line  structures  based  on  ferromagnetic 
metals  hold  great  promise  for  high-frequency  applications. 
Our  recent  demonstrations  of  filters  and  phase-shifters 
based  on  these  materials,  along  with  this  presentation  of  a 
model,  increases  the  potential  for  future  practical 
applications, 
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Abstract — We  constructed  a  series  of  microstrip  and  ce-planar 
microwave  waveguides.  These  structures  use  metallic  ferro- 
magnets  and  therefore  exhibit  strongly  frequency-dependent 
attenuation  and  phase-shift  effects.  The  lines  have  maximum 
attenuation  peaks  occurring  at  the  ferromagnetic  resonance 
frequency,  which  increases  with  applied  magnetic  field.  Such 
properties  are  used  in  band-stop  filters.  The  devices  used 
monocrystalline  Fe  films  grown  by  Molecular  Beam  Epitaxy 
and  polycrystalline  sputtered  permalloy  films.  For  our  devices 
that  incorporated  Fe  the  band-stop  frequencies  ranged  from 
10-20  GHz  for  applied  fields  up  to  only  80  kA/m  (1000  Oersted), 
For  devices  using  permalloy,  the  band-stop  frequency  was  in 
the  5-10  GHz  range  for  applied  fields  less  than  80  kA/m,  The 
maximum  power  attenuation  was  about  100  dB/cm,  much  larger 
than  the  previously  reported  values  of  4  dB/cm.  The  resonance 
condition  also  affects  the  phase  of  the  transmitted  wave,  strongly 
changing  phase  above  and  below  the  resonance  frequency.  The 
result  is  a  phase-shifter  that  is  tunable  with  applied  magnetic  field. 
We  observed  phase  changes  ©f  over  360°/cm  with  an  applied  field 
of  less  than  40  kA/m. 

Index  Terms — Coplanar  waveguide,  ferromagnetic  resonance, 
filter,  microstrip,  phase  shifter. 


I.  Introduction 

MICROWAVE  devices  are  widely  used  in  both  military 
and  civilian  communications  systems.  During  recent 
decades,  we  have  witnessed  much  progress  in  high-frequency 
semiconductor  electronics  and,  in  particular,  die  integration 
of  different  electronic  components  into  circuits.  An  obvious 
obstacle  to  the  increased  use  of  microwave  and  millimeter-wave 
technology  is  the  lack  of  advances  in  magnetic  structures  at 
high  frequencies,  for  example,  from  5-100  GHz. 

Insulating  ferrimagnetics  such  as  YIG  are  well  established 
in  microwave  applications  [I],  These  materials,  however,  have 
one  significant  drawback;  their  saturation  magnetization,  Ms,  is 
low  and  therefore  their  operating  frequency  for  moderate  ap¬ 
plied  fields  only  covers  a  range  of  a  few  GHz.  Here  we  report 
on  the  use  of  ferromagnetic  metallic  films  in  microwave  trans¬ 
mission  lines.  These  materials  have  higher  Ms  and  thus  have 
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Fig.  1.  Schematic  diagrams  of  (a)  microstrip  and  (b)  co-planar  waveguide 
structures. 

much  higher  operating  frequencies.  The  theoretical  treatment  of 
such  devices  was  explored  by  Schioemann  and  co-workers  [2], 
Camley  and  Mills  [3],  and  Huynen  et  ah  [4], 

We  studied  two  types  of  transmission  lines,  microstrip  and 
co-planar  waveguide  (CPW).  For  the  microstrip,  shown  m 
Fig.  1(a),  a  ground  plane  of  Ag(001)  was  grown  on  GaAs(QOl) 
by  molecular  beam  epitaxy  (MBE).  This  provided  a  template 
for  a  Fe(001)  single-crystal  film  (200  nm),  which  was  then 
capped  with  a  thin  Ag  layer  to  prevent  oxidization  of  the  Fe  [5], 
[6],  The  sample  was  then  transferred  to  an  e-beam  evaporation 
system  for  deposition  of  the  dielectric  layer  and  signal  line. 
We  deposited  4  pm  of  SiOa  followed  by  2  pm  of  Ag  using  a 
shadow  mask  to  define  the  strip  geometry.  The  width  of  our 
microstrip  line  ranged  from  80  to  120  pm. 

For  the  CPW  structures,  one  of  which  is  shown  in  Fig,  1(b), 
we  again  used  GaAs  substrates.  However,  in  this  case  the  sample 
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Fig.  3.  Tunable  band-stop  behavior  of  the  Py-based  CPW  line. 


Fig.  2.  Photograph  of  CPW  line  showing  one  right-angle  bend  and  width 
transition. 

was  prepared  in  a  sputtering  system.  We  deposited  a  permalloy 
(Py)  film  250  nm  on  top  of  a  thin  Ta  adhesion  layer.  The  Py 
was  protected  from  oxidization  with  a  thin  Cu  film.  The  films 
were  patterned  by  photolithography  followed  by  sputter  etching 
in  an  Ar  atmosphere.  The  lines  were  designed  for  a  nominal 
characteristic  impedance  of  50  Q.  The  waveguides  made  two 
right-angle  bends  to  allow  probes  to  contact  from  the  sides, 
while  a  field  was  applied  parallel  with  the  length  of  the  line. 
The  lines  are  wide  near  the  two  ends  to  allow  for  probing  but 
narrow  in  the  middle  to  increase  the  magnitude  of  the  resonance 
effects.  Fig.  2  shows  a  photograph  of  one  right-angle  bend  and 
width  transition,  including  dimensions. 

II.  Theory 

In  our  devices,  ferromagnetic  resonance  (FMR)  produces  ab¬ 
sorption  and  phase-shift  effects.  The  resonance  occurs  at  a  fre¬ 
quency  given  by 


w  =  7  V{H  +  Ha)  (H  +  Ha  +  47 rMs) 

(i) 

wher 

H 

is  the  applied  magnetic  field. 

Ha 

defines  the  4-fold  anisotropy  field  in  the  direction 
of  the  applied  field. 

1 

is  the  gyromagnetic  ratio,  and 

4ttM3 

is  the  saturation  magnetization. 

Note  - that  larger  Ms  values,  such  as  those  in  Fe  and  Py,  sub¬ 
stantially  increase  the  resonance  frequency.  For  reference,  the 
4irMs  values  for  YIG,  Py  and  Fe  are  0.175  T,  1  T,*and  2.15  T, 
respectively.  Also,  the  anisotropy  field,  Ha,  in  single-crystal  Fe 
is  substantial — 0.06  T,  compared  with  nearly  0  for  YIG  and  Py. 

Consider  the  magnetic  permeability  of  a  ferromagnetic  mate¬ 
rial  in  an  applied  field.  As  Schloemann  proposed  [2],  the  “Voigt 
permeability  Ovoigt)  ”  a  complex  scalar,  accurately  describes 


these  effects.  The  relevance  of  this  approach  was  rigorously  con¬ 
firmed  later  by  Astalos  and  Camley  [7].  At  FMR,  the  imaginary 
part  of  Mvoigt  becomes  very  large,  leading  to  resonant  absorp¬ 
tion  of  microwave  power.  The  real  part  of  /ivoigt  behaves  like  the 
real  part  of  e(&)  near  resonance,  leading  to  a  shift  in  the  phase 
of  a  microwave  signal 

III.  Results  and  Discussion 

In  a  previous  report  [8],  we  demonstrated  a  band-stop 
filter  implemented  with  Fe  in  a  microstrip  structure.  This 
device  showed  large  power  attenuation  at  the  band-stop 
frequency — over  100  dB/cm.  The  filter  frequency  was  tunable 
over  a  range  from  12-17  GHz  by  means  of  applied  fields  up 
to  40  kA/m.  However,  some  performance  limitations  resulted 
due  to  our  fabrication  capabilities  at  that  time.  One  problem 
was  creating  a  50  O  line  for  impedance  matching.  The  shadow 
mask  we  used  to  define  the  strip  width  created  lines  too  wide 
for  practical  dielectric  thicknesses,  thus  creating  lines  with 
a  characteristic  impedance  much  less  than  50  O.  Another 
limitation  was  the  large  resonance  linewidth  of  our  Fe  films, 
which  lead  to  broadening  of  the  band-stop  notch.  Finally,  the 
microstrip  geometry  is  difficult  to  construct  and  to  integrate 
with  high-frequency  electronics.  In  order  to  address  these 
issues,  we  designed  and  constructed  CPW  transmission  lines 
using  Py  as  the  magnetic  component. 

An  example  of  the  band-stop  behavior  of  Py  CPW  lines 
is  shown  in  Fig,  3.  We  observed  power  attenuation  of  about 
20  dB/cm  at  the  resonance  frequencies,  which  were  varied 
from  5-10  GHz  with  an  applied  field  of  up  to  80  kA/m,  The 
CPW  lines  were  produced  with  characteristic  impedances 
within  5  O  of  the  desired  value  of  50  fl  This  is  much  better 
than  obtained  with  the  microstrip  lines,  and  hence  the  power 
transmitted  outside  of  the  band-stop  region  was  much  higher. 
The  background  attenuation  observed  is  due  to  reflection  off 
the  sharp  comers  and  abrupt  width  change  in  the  line — effects 
that  can  be  minimized  in  a  real  device.  The  width  of  the  stop 
band  is  under  1  GHz,  compared  with  the  nearly  3  GHz  width 
observed  in  the  Fe-based  microstrip. 
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Fig.  4.  Relative  changes  in  phase  of  transmitted  microwaves  through  a 
Fe-based  microstrip  verses  applied  magnetic  field  for  two  frequencies. 


The  Fe-based  mierostrip  produced  not  only  the  band-stop  ef¬ 
fect,  but  also  considerable  tunable  phase-shift  effects.  Fig,  4 
shows  the  relative  changes  in  phase  shift  as  a  function  of  ap¬ 
plied  field.  For  the  frequencies  of  9  and  20  GHz,  we  observed 
phase-shift  tuning  ranges  of  450  and  270°/cm,  respectively,  as 
fields  of  up  to  80  kA/m  were  applied.  Note  that  these  two  fre¬ 
quencies  lie  below  and  above  the  tuning  range  of  the  stop  band 
and  therefore  correspond  to  frequencies  of  low  attenuation.  For 
example,  at  20  GHz,  there  is  only  about  6  dB/cm  change  in 
power  attenuation  over  the  range  of  applied  field. 

In  the  Py-based  CP  W  lines,  the  phase-shift  tuning  of  the  trans¬ 
mitted  signal  (30°/cm)  was  much  smaller  than  the  effect  ob¬ 
served  in  the  Fe-based  microstrip.  This  is  due  in  large  part  to 
the  narrower  resonant  absorption  frequency  width  in  Py,  which 
substantially  shifts  phase  only  in  regions  of  high  attenuation 
of  transmitted  power.  Fig,  5  shows  a  significant  change  in  die 


phase  shift  of  a  reflected  signal.  Furthermore,  there  was  virtu¬ 
ally  no  change  in  die  magnitude  of  the  reflected  power  at  peak 
phase  changes.  In  contrast  to  the  continuously-variable  phase 
shift  possible  in  the  Fe-based  microstrip,  the  Py  structure  ex¬ 
hibited  abrupt  phase  shift  changes  of  over  50°,  In  addition,  the 
magnitude  of  the  effect  in  the  Py  structures  showed  no  length 
dependence,  suggesting  that  such  a  device  could  be  reduced 
considerably  in  size, 

IV.  Conclusions 

We  developed  tunable  band-stop  filters  and  phase-shifters 
based  on  two  different  ferromagnetic  metals,  Fe  and  Py, 
in  microstrip  and  CPW,  For  Fe-based  microstrip  lines,  we 
observed  substantial  attenuation  of  over  100  dB/cm  and  con¬ 
tinuously  variable  phase-shift  of  over  360°/cm  with  applied 
fields  of  less  than  40  kA/m.  This  attenuation  is  much  higher 
than  previously-reported  values  of  4  dB/cm  [9],  [10].  For 
Py-based  CPW  devices,  we  observed  attenuation  of  20  dB/cm, 
Changes  in  transmitted  phase-shift  are  small.  However,  there 
are  significant  phase-shift  changes  in  the  reflected  signal.  These 
results  demonstrate  that  use  of  ferromagnetic  metallic  films  in 
transmission-line  structures  may  have  practical  application  in 
future  microwave  devices. 
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We  have  constructed  a  series  of  microstrips  for  transmission  of  microwaves.  These  microstrips 
incorporate  ferromagnetic  and  dielectric  layers  and  therefore  absorb  microwave  energy  at  the 
ferromagnetic  resonance  (FMR)  frequency.  The  absorption  notch  in  transmission  can  be  tuned  to 
various  frequencies  by  varying  an  external  applied  magnetic  field.  For  our  devices,  which 
incorporate  Fe  as  the  ferromagnetic  material,  the  resultant  FMR  frequencies  range  from  10-20  GHz 
for  applied  fields  up  to  only  1000  Oe.  This  frequency  range  is  substantially  higher  than  those  found 
in  devices  utilizing  a  dielectric  ferrimagnet  such  as  YIG.  We  constructed  devices  using 
monocrystalline  Fe  films  grown  in  a  molecular  beam  epitaxy  system.  Our  devices  are  of  different 
construction  than  other  Fe  dielectric  microstrips  and  show  much  improvement  in  terms  of  notch 
width  and  depth.  We  observed  maximum  attenuation  on  the  order  of  100  dB/cm,  much  larger  than 
previously  reported  values  of  4  dB/cm.  ©  2000  American  Institute  of  Physics 
[S002 1-8979(00)70308-2] 


INTRODUCTION 


EXPERIMENT 


Tunable  filters  based  on  the  ferrimagnetic  dielectric  YIG 
are  a  well-established  technology  with  many  practical 
applications.1  Band-stop  filters,  for  example,  rely  on  ferro¬ 
magnetic  resonance  (FMR)  to  absorb  microwave  power  at 
the  FMR  frequency.  This  frequency  is  set  by  material  prop¬ 
erties,  such  as  saturation  magnetization,  Ms,  anisotropy 
fields,  Ha,  the  gyromagnetie  ratio,  y,  and  the  magnitude  of 
an  applied  field,  H.  If  the  applied  field  is  along  the  easy  axis, 
the  frequency  is  given  by 


and  therefore  the  resonance  frequency  can  be  varied  with  an 
electromagnet.  The  maximum  field  produced  by  the  electro¬ 
magnet  determines  the  upper  limit  for  the  band-stop  fre¬ 
quency.  Hence,  high  frequencies  are  difficult  to  achieve  with 
a  device  of  limited  physical  size. 

An  alternative  that  has  received  attention  in  recent  years 
is  the  use  of  a  high  Ms  material  such  as  Fe.  While  Fe  has  a 
much  higher  resonance  frequency  for  the  same  applied  field, 
its  conductivity  can  lead  to  high  loss  at  microwave  frequen¬ 
cies.  However,  structures  utilizing  thin  Fe  films  minimize 
conduction  loss  while  still  producing  high  attenuation  at  the 
band-stop  frequency.2,3 

Recent  attempts  at  producing  Fe-film-based  structures 
have  succeeded  in  making  filters  with  high  band-stop  fre¬ 
quencies  and  low  broadband  loss.3,4  However,  the  maximum 
attenuation  has  only  reached  about  4-5  dB/cm.  We  con¬ 
structed  microstrip  band-stop  filters  using  a  slightly  different 
geometry  and  growth  method,  resulting  in  much  higher  at¬ 
tenuation.  — . 
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Previous  filter  structures  used  Fe  epitaxial  films  grown 
directly  on  semi-insulating  GaAs  wafers.  The  backside  of  the 
wafer  and  the  Fe  films  were  then  coated  with  a  high- 
conductivity  metal.  The  Fe  side  was  then  etched  into  a  strip 
to  form  the  microstrip  structure  shown  in  Fig.  1(a).  For  these 
filters,  high  quality,  epitaxial  Fe5,6  (linewidth  of  ~35  Oe)  is 
required  to  get  reasonable  attenuation. 

Our  devices,  in  contrast,  consist  of  layers  deposited  on 
only  one  side  of  a  GaAs(001)  wafer  as  shown  in  Fig.  1(b), 
This  allows  us  to  have  a  much  thinner  dielectric  layer  which 
ultimately  results  in  a  much  higher  attenuation.  The  first 
stage  of  film  growth  was  performed  with  molecular  beam 
epitaxy  (MBE)  at  a  pressure  of  ~10-9Torr  during  deposi¬ 
tion.  Deposition  was  monitored  both  with  a  quartz  thickness 
monitor  and  with  reflection  high-energy  electron  diffraction 
(RHEED). 


FIG,  1.  Perspective  cross  sections  for  Scholemann  structure  using  a 
GaAs(tOO)  wafer  as  the  dielectric  layer  (a).  Our  structure  (b)  is  formed  with 
vacuum-deposited  Si02  as  the  dielectric.  Note  that  the  dielectric  in  (b)  only 
exists  directly  Wow  the  microstrip,  allowing  single-sided  probing. 
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FIG.  2.  Magnitude  of  S2t  as  a  function  of  frequency.  S2i  represents  voltage 
attenuation  and  therefore  power  attenuation  is  double  in  terms  of  dB, 


First,  a  1  nm  thick  Fe(001)  “seed”  layer  was  grown  on 
a  GaAs(OOl)  substrate.  A  600  nm  layer  of  Ag(00i)  was  then 
deposited  and  annealed  at  520  K.  This  Ag  film  provides  a 
ground  plane  and  the  template  for  further  growth  of  epitaxial 
Fe{00i).  Next,  200  nm  of  Fe(001)  was  added  and  then  cov¬ 
ered  with  5  nm  of  Ag  to  protect  it  from  oxidation.  Fe  film 
quality  was  measured  with  FMR.  This  also  allowed  us  to 
determine  the  easy  axis  of  the  film.  Creating  microstrips 
aligned  with  the  easy  axis  increased  the  effective  field  in  the 
strip  and  increased  the  operating  frequency. 

The  sample  was  then  transferred  to  a  traditional  e-beam 
evaporation  system  to  complete  the  structure.  A  shadow 
mask  was  clipped  on  top  of  the  sample  before  deposition  to 
mask  the  ground  plane  and  expose  the  microstrip  shape.  4 
/im  of  Si02  was  deposited  and  capped  with  2  /mi  Ag  to  form 
the  dielectric  and  upper  conductor,  respectively.  Note  that 
because  the  ground  plane  is  exposed  on  either  side  of  the 
microstrip,  the  strip  can  be  probed  from  the  top  side  of  the 
wafer. 

Magnetic  anisotropy,  saturation  magnetization,  and  reso¬ 
nance  iinewidth  were  all  measured  in  10  and  24  GHz  FMR 
systems.  Filter  properties  were  measured  with  a  Hewlett 
Packard  40  GHz  vector  network  analyzer.  This  system  al¬ 
lowed  measurement  of  reflection,  transmission,  and  charac¬ 
teristic  impedance. 


RESULTS  AND  DISCUSSION 

Our  FMR  measurements  showed  a  fourfold  in-plane  an¬ 
isotropy  field  of  550  Oe.  The  resonance  Iinewidth  was  ap¬ 
proximately  50  Oe  at  10  GHz  for  the  monocrystalline  Fe 
sample. 

The  magnitude  of  the  ratio  of  transmitted  voltage  to  in¬ 
put  voltage,  S2 1 ,  as  a  function  of  frequency  is  shown  in  Fig. 
2  for  our  0.14  cm  long  microstrip.  The  separate  data  sets 
represent  applied  fields  ranging  from  0  to  8B0  Oe.  The  stop- 
band  depth  is  about  10  dB  voltage  attenuation  or  20  dB 
power  attenuation.  For  our  short  sample,  this  results  in  a 


Applied  Field  (Oe) 


FIG.  3.  Stop-band  center  frequency  as  a  function  of  applied  magnetic  field 
for  various  structures.  The  plot  for  monocrystalline  Fe  represents  our  struc¬ 
ture  with  the  microstrip  aligned  with  an  easy  axis. 


power  attenuation  of  over  100  dB/cm.  The  tremendous  in¬ 
crease  in  attenuation  at  the  stop-band  center  frequency  com¬ 
pared  to  earlier  devices  is  due  to  the  use  of  the  thinner  di¬ 
electric  as  predicted  by  theory.7 

The  observed  insertion  loss  of  about  7  dB  is  primarily 
due  to  impedance  mismatch.  This  could  be  improved  either 
by  increasing  the  thickness  of  the  dielectric  or  by  narrowing 
the  width  of  the  upper  conducting  strip.  Currently,  we  are 
restricted  to  a  maximum  dielectric  thickness  due  to  our  probe 
station  and  we  are  restricted  to  a  minimum  strip  width  due  to 
use  of  a  shadow  mask. 

The  variation  in  notch  frequency  with  applied  field  fol¬ 
lows  theory  reasonably  well  as  shown  in  Fig.  3.  By  placing 
the  strip  along  an  easy  axis,  we  create  an  effective  field  in  the 
strip  that  is  the  sum  of  applied  external  field  and  anisotropy 
field.  Thus,  the  effective  field  is  boosted  by  550  Oe.  Figure  3 
includes  a  theoretical  plot  for  monocrystalline  Fe  with  this 
anisotropy  and  also  shows  plots  for  polycrystalline  Fe  and 
YIG  for  comparison.  Clearly,  monocrystalline  Fe  produces 
much  higher  frequencies  for  similar  fields  than  either  of  the 
other  two. 


CONCLUSION 

We  have  created  a  band-stop  filter  with  center  frequen¬ 
cies  in  the  10-20  GHz  range  which  is  tunable  with  a  small 
external  magnetic  field.  This  device  represents  two  major 
improvements  over  other  similar  devices:  (1)  We  find  sub¬ 
stantially  higher  attenuation  in  the  stop  band  and  (2)  our 
structure  obtains  high  attenuation 'even  with  higher  Fe  line- 
widths. 

These  improvements  allow  a  great  reduction  in  size  for  a 
complete  device  including  an  electromagnet.  Raising  the  fre¬ 
quency  range  reduces  the  applied  field  required  to  create  a 
high  center  frequency  and  thus  reduces  the  electromagnet 
size.  Increasing  the  attenuation  reduces  the  microstrip  length 
required  and  allows  the  electromagnet  pole  pieces  to  be 
placed  closer  together.  This  allows  the  same  field  strength  to 
be  created  with  a  smaller  magnet.  In  addition,  our  structure 
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should  allow  for  integration  with  high-speed  electronics  on  a 
single  wafer. 
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Strong  antiferromagnetic  interlayer  exchange  coupling  across  an  insulating  spacer  is  in  increasing 
demand  for  high-density  magnetic  recording.  We  report  here  on  the  interlayer  exchange  coupling  of 
epitaxial  Fe(8  nm)/Si(0/Fe(  10  nm)  trilayers  as  a  function  of  Si  thickness  studied  by  ferromagnetic 
resonance  (FMR),  Brillouin  light  scattering,  and  magneto  optic  Ken:  effect  (MOKE)  measurement 
techniques.  A  very  strong  antiferromagnetic  (AFM)  interlayer  exchange  coupling  (>6  erg/cm2)  was 
observed  at  a  spacer  Si  thickness  of  0.7  nm.  The  bilinear  Jx  and  biquadratic  J2  coupling  constants 
were  determined  from  (i)  the  fitting  of  the  angular  variation  of  the  resonance  field  (H^)  in  FMR 
experiments,  (ii)  the  field  variation  of  the  frequencies  of  the  Damon-Eshbach  surface  modes  (both 
optic  and  acoustic)  in  BLS  measurements,  and  (iii)  the  fitting  of  longitudinal  MOKE  hysteresis 
loops.  We  obtain  a  higher  along  the  easy  axis  than  along  die  hard  axis  and  the  magnetizations 
of  the  two  Fe  films  are  canted.  The  eightfold-like  symmetry  of  as  a  function  of  the  angle 
observed  at  room  temperature  is  due  to  the  competition  between  the  Fe  fourfold  anisotropy  and 
AFM  interfacial  coupling  energy.  This  behavior  vanishes  at  low  temperatures  due  to  a  strong 
increase  of  AFM  coupling  (especially  J2)  in  comparison  to  fourfold  in-plane  anisotropy  From  the 
fitting  of  the  temperature  dependent  FMR  data,  we  obtain  the  temperature  variation  of  the  bilinear 
and  biquadratic  exchange  coupling  constants.  We  distinguish  the  existence  of  canted  magnetization 
states  at  resonance  by  fitting  the  experimental  //res  versus  0H  data  to  the  model  calculation.  ©  2003 
American  Vacuum  Society,  [DOI:  10.1116/1.1562181] 


L  INTRODUCTION 

Studies  of  magnetic  interactions  between  two  ferromag¬ 
netic  films  separated  by  a  nonmagnetic  spacer  have  been  a 
subject  of  extensive  research  for  die  past  two  decades.  Ele¬ 
ments  like  Cr,  Cu,  Ag,  and  Pd  were  extensively  studied  as 
spacers1,2  to  understand  the  nature  and  strength  of  interlayer 
exchange  coupling.  Typically  the  observed  coupling  strength 
was  smaller  than  1  erg/cm2.  For  practical  applications  such 
as  high  density  recording,  a  strong  antiferromagnetic  (AFM) 
exchange  coupling  across  insulating  spacer  material  is  desir¬ 
able.  The  Fe/Si  exchange  coupled  multilayer  system  is  a 
strong  potential  candidate  due  to  its  unusually  high  antifer¬ 
romagnetic  exchange  coupling.3-8  This  coupling  exhibits  a 
strong  exponential  decay  versus  spacer  thickness.5,6  It  was 
suggested  before  that  in  the  Fe/Si/Fe  system  most  of  the  Si 
had  turned  into  metallic  FeSi5  due  to  Fe  diffusion. 

Ferromagnetic  and  anfiferromagnetic  exchange  coupling 
in  magnetic  multilayers  are  frequently  studied  by  two  dy¬ 
namical  techniques — ferromagnetic  resonance  (FMR)  and 
Brillouin  light  scattering  (BLS).U*9  The  modes  observed  by 
FMR  and  BLS9-11  (acoustic  and  optic  branches)  are  sensitive 
to  the  magnetic  eneigy  within  each  ferromagnetic  film  as 
well  as  the  interlayer  exchange  coupling  across  the  nonmag¬ 
netic  spacer.  In  addition,  the  magneto  optic  Kerr  effect 
(MOKE)  technique,  which  measures  the  static  properties  of 
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die  material,  is  widely  used  to  determine  the  strength  of  an¬ 
tiferromagnetic  coupling  between  layers.  To  determine  ferro¬ 
magnetic  coupling  strengths  by  MOKE  one  has  to  ton  to  a 
spin  engineering  technique  similar  to  one  developed  by 
Parkin.12 

We  have  studied  the  bilinear  (Jx)  and  biquadratic  (J2) 
exchange  coupling  of  Fe/Si/Fe  trilayers  as  a  function  of  Si 
thickness  and  temperature.  We  use  dynamic  (FMR  and  BLS) 
and  static  (MOKE)  techniques  and  the  results  obtained  by 
the  different  techniques  show  good  agreement.  We  find  ex¬ 
tremely  strong  antiferromagnetic  coupling  at  a  Si  thickness 
of  0.7  nm  for  room  temperature.  The  magnitude  of  the  bi¬ 
quadratic  coupling  constant  decreases  very  rapidly  as  the 
temperature  increases. 

II.  EXPERIMENTS 

Epitaxial  Fe/Si/Fe  trilayers,  with  Si  thickness  between  0.6 
and  1.2  nm,  were  grown  by  molecular  beam  epitaxy  (MBE) 
on  a  GaAs(10O)/Fe(l  nm)/Ag(150  nm)  substrate-buffer  sys¬ 
tem.  The  background  pressure  was  better  than  10-9  mbar. 
The  deposition  rate  was  maintained  at  0.1  A/s  for  both  Fe 
and  Si.  During  the  depositions  of  Fe  and  Si,  the  substrate  was 
kept  at  room  temperature.  The  thickness  and  deposition  rate 
were  controlled  by  a  calibrated  quartz-crystal  monitor.  The 
samples  were  characterized  in  situ  by  Auger  electron  spec¬ 
troscopy  (AES),  low  energy  electron  diffraction  (LEED),  and 
reflection  high-energy  electron  diffraction  (RHEED).  Both 
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Fig.  1.  In-plane  angular  (dH)  variation  of  acoustic  resonance  field  (H^  at 
room  temperature  (experimental;  •  and  theoretical; — )  for  antiferromagneti- 
cally  coupled  Fe(8  nm)/Si(1.0  nm)/Fe(10  nm)  trilayer  film  studied  by  FMR 
at  24  GHz.  The  insets  show  the  Fe  magnetization  directions  at  different 
resonance  field  values. 


RHEED  and  LEED  indicated  epitaxial  growth  of  Fe  and  Si 
layers.  The  samples  were  covered  with  a  50  nm  ZnS  antire¬ 
flection  layer  that  also  prevents  oxidation  of  the  top  Fe  layer. 

The  magnetic  properties  of  the  exchange  coupled  samples 
were  characterized  through  the  study  of  resonance  field 
modes  (acoustic  and  optic)  as  a  function  of  in-plane  field 
angle  with  24  and  35  GHz  FMR  spectrometers.  A  closed 
cycle  helium  Dewar  was  used  to  cool  the  sample  from  room 
temperature  down  to  25  K.  The  BLS  experiments  were  per¬ 
formed  at  room  temperature,  in  the  backscattering  geometry, 
with  a  (2X3)  pass  tandem  Fabry-Perot  interferometer.1*9 
The  inelasticaliy  scattered  light,  corresponding  to  both  the 
Stoke  and  the  anti-Stoke,  was  recorded  using  an  avalanche 
diode  and  a  multichannel  analyzer  PC  card.  The  free  spectral 
range  of  the  interferometer  was  ±  50  GHz.  The  wavelength 
k= 532  nm  of  the  incident  laser  light  together  with  an  angle 
of  incidence  of  45°  resulted  in  an  in-plane  magnon  wave 
vector  £||=  1.65(1G7)  m“*.  A  variable  external  field  with  a 
maximum  strength  of  7  kOe  was  applied  in  the  sample  plane 
and  normal  to  the  magnon  wave  vector.  The  surface  modes 
of  acoustic  and  optic  spin  waves  were  recorded  on  both  the 
Stokes  and  the  anti-Stokes  sides  of  the  spectrum.  In  addition, 
we  used  longitudinal  MOKE  measurements  to  record  the 
hysteresis  curves  of  the  samples  at  room  temperature. 

III.  RESULTS  AND  DISCUSSION 

Figure  1  shows  the  in-plane  angular  variation  of  the  reso¬ 
nance  fields  for  die  acoustic  modes,  s<  %)  for  a  Fe{8  nm)/ 
Si(l  nm)/Fe(10  nm)  sample,  measured  at  24  GHz  and  at 
room  temperature.  The  dots  are  experimental  data  and  the 
solid  lines  are  the  results  of  theoretical  calculations  for  the 
resonance  field  positions.9-11  The  eightfold-like  symmetry 
for  Ht tsi&ff)  (four  peaks  from  -90°  to  +90°)  is  clearty 
apparent  at  room  temperature.  Surprisingly,  we  observed  a 
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higher  along  the  direction  which  is  normally  the  Fe  easy 
axis  (0,  ±90°)  than  along  the  direction  which  is  normally 
the  hard  axis  (±45°). 

To  interpret  these  data  we  used  a  rather  complex  disper¬ 
sion  relation  calculated  for  a  strongly  AFM  coupled  trilayer 
with  the  field  applied  in  the  sample  plane.13  The  equilibrium 
position  of  the  magnetization  vector  was  obtained  for  each 
applied  field  from  die  total  free  energy9,11*13  (Zeeman,  de¬ 
magnetizing,  cubic  anisotropy,  and  exchange  coupling  en¬ 
ergy)  expression.  Our  energy  minimization  process9,10  can  be 
used  for  any  AFM  exchange  coupling  strength  and  for  any 
magnetic  state13  (saturated  or  unsaturated)  of  the  sample  to 
obtain  the  resonance  field  positions.  The  solid  line  in  Fig.  1 
shows  the  results  of  this  calculation.  The  coupling  constants 
obtained  from  the  best  fit  to  the  experimental  data  are  Jx 
=  - 2.6  erg/cm2  and  J2~ -02  erg/cm2.  The  values  of  the 
cubic  anisotropy  and  magnetization  obtained  from  the  fit  are 
close  to  room  temperature  bulk  values. 

The  acoustic  resonance  seen  in  Fig.  1  occurs  at  an  unsat¬ 
urated  state,  i.e.,  the  magnetizations  in  the  individual  films 
do  not  point  in  the  direction  of  the  external  static  field,  but 
are  canted.  The  canting  angle  (angle  between  Mj  and  M2) 
obtained  from  the  simulation  is  60°  when  the  applied  field  is 
along  die  easy  axis  (BH- 0°),  increases  to  73°  when  BH 
=28°  (near  the  minimum  for  and  then  decreases  to 

64°  for  the  applied  field  along  die  (usual)  hard  axis  (0H 
=  45°).  The  insets  to  Fig.  1  show  the  direction  of  Fe  mag¬ 
netization  vectors  Mx  and  M2. 

The  observed  eightfold-like  symmetry  is  due  to  the  strong 
competition  between  the  fourfold  anisotropy  energy  of  Fe 
and  the  strong  antiferromagnetic  coupling  energy  due  to  the 
Si  spacer.  It  is  easy  to  immediately  conclude  that  the  AFM 
coupling  energy  is  stronger  than  the  cubic  energy  because 
/fres(0°)>//res(45°). 

Normally  it  is  necessary  to  have  measurements  on  both 
the  acoustic  and  optic  modes  in  order  to  obtain  Jt  and  J2 . 
Due  to  magnetic  field  limitations  we  were  not  able  to  mea¬ 
sure  the  optic  resonance.  Nonetheless,  the  excellent  agree¬ 
ment  of  the  experimental  //res(  dH)  data  with  the  model 
calculation10*11*13  demonstrates  that  it  is  possible  to  obtain  the 
coupling  constants  Jx  and  J2  from  the  angular  variation  of 
acoustic  resonance  without  the  optic  resonance  because  the 
Fe  magnetizations  in  the  trilayer  are  in  a  canted  state. 

Figure  2  shows  H^(Bh)  data  for  the  same  sample  mea¬ 
sured  at  room  temperature  with  the  35  GHz  FMR  system. 
For  the  fields  used  in  this  experiment  (4.8  to  6  kOe)  both  Mt 
and  M2  are  aligned  along  the  applied  magnetic  field  (shown 
in  the  inset  to  this  figure)  and  one  measures  the  normal 
acoustic  resonance.  Therefore  fixe  eightfold-like  symmetry 
observed  at  24  GHz  vanishes  at  this  frequency.  Figure  2 
shows  a  standard  fourfold  symmetry  expected  for  (100)  Fe, 
with  the  easy-magnetization  axis  along  0°  and  hard  along 
45°,  and  with  zero  uniaxial  anisotropy.  The  solid  line  to  the 
figure  was  obtained  from  the  model  calculation10*11,13  using  a 
g  factor  of  2.08,  which  yields  the  following  magnetic  param¬ 
eters;  Hk- 0.55  kOe  and  4  7rMs=  21  kOe,  in  agreement  with 
24  GHz  FMR  results.  Also,  at  this  frequency  we  were  not 
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In-plane  angle  (degree) 

Fig.  2,  FMR  (6H)  data  obtained  from  a  35  GHz  FMR  system  [experi¬ 
mental  (•)  and  theoretical  (— )]  for  die  Fe(8  nm)/Si(LO  nm)/Fe(10  nm) 
trilayer. 

able  to  measure  the  optic  resonance  due  to  the  unavailability 
of  a  strong  magnetic  field.  * 

Figure  3  shows  the  deduced  coupling  coefficients  Jx  and 
J2  as  a  function  of  Si  spacer  thickness  (f)  for 
Fe(8  nm)/Si(/)/Fe(10  nm)  trilayers.  The  coefficients  were 
obtained  from  room  temperature  FMR  measurements  at  24 
GHz.  We  observed  antiferromagnetic  (AFM)  exchange  cou¬ 
pling  for  all  studied  thicknesses  of  Si  spacers.  The  exchange 
coupling  constants  were  derived  from  our  if  dH)  data.  At  a 
spacer  thickness  of  0.6  nm,  the  coupling  is  dominantly  bi¬ 
quadratic;  with  Jj=  -3.4  erg/cm2  and  J2  =  -2.65  erg/cm2, 
which  is  among  the  strongest  biquadratic  coupling  ever 
found.  The  AFM  coupling  strength  attained  a  maximum  at 
0.7  nm  spacer  thickness  with  J\=  -6.5  erg/cm2  and  J2 
=  -1.1  erg/cm2.  Both  Jx  and  J2  decrease  rapidly  in  magni¬ 
tude  for  larger  Si  thicknesses  (1.0  and  1.2  nm).  It  was  ob¬ 
served  that  J2  remains  consistently  smaller  (in  magnitude) 
than  J\  and  decays  faster.  The  strong  decrease  of  bilinear 
coupling  at  smaller  Si  thickness  could  be  explained  in  terms 


Fig.  3.  Room  temperature  coupling  strength  of  bilinear  (Jx)  and  biquadratic 
(J2)  constants  as  a  function  of  Si  spacer  thickness. 


in-plane  angle  (degree) 

Fig.  4.  Acoustic  resonance  field  vs  in-plane  angle  (&H)  (experimen¬ 
tal;  •  and  theoretical; — ■)  for  Fe(8  nm)/Si(l,0  nm)/Fe(10  nm)  trilayer  at 
25  K. 

of  Slonczewski’s14  theory  by  a  competition  of  ferromagnetic 
(FM)  (possibly  due  to  pinholes)  coupling  and  antiferromag¬ 
netic  (AFM)  interlayer  coupling.  The  fast  decay  of  J2  with 
increasing  spacer  thickness  is  in  agreement  with  this 
mechanism,14  for  example,  because  the  number  of  pinholes 
decreases  with  increasing  thickness  of  the  Si  spacer.  The 
observed  weak  biquadratic  coupling  for  Si  thickness  above 
0.8  nm  is  in  agreement  with  smooth  decay  of  Jx ,  as  pre¬ 
dicted  by  Slonczewski.14 

Figure  4  shows  the  0H)  data  for  the  same  trilayer 
sample  at  25  K.  The  figure  depicts  a  fourfold  symmetry,  but 
with  a  higher  along  the  easy  axis  (0°)  compared  to  that 
along  the  hard  axis  (45°).  The  coupling  constants  derived 
from  the  resonance  fit10*11,13  are  Jx  =  -3.2  erg/cm2  and  J2 
-  —0.82  erg/cm2  along  with  a  small  increase  of  the  effective 
anisotropy  field  value  (0.67  kOe).  At  25  K,  the  resonance 
was  observed  at  a  canted  state.  However,  the  AFM  coupling 
energy  completely  dominates  the  cubic  anisotropy  energy 
and  therefore  the  eightfold-like  symmetry,  observed  at  room 
temperature,  vanished  at  this  low  temperature. 

Figure  5  compiles  both  Jx  and  J2  coupling  constants  for 
the  Fe(8  nm)/Si(1.0  nm)/Fe(10  nm)  trilayer  sample  from  25 
to  300  K  obtained  from  24  GHz  FMR  measurements.  We 
observed  that  both  Jx  and  J2  decrease  with  increasing  tem¬ 
perature  (T).  However,  the  temperature  dependence  of  J2  is 
much  stronger  than  that  of  Jx .  The  biquadratic  coupling  in¬ 
creases  fourfold  from  room  temperature  down  to  25  K, 
whereas  the  bilinear  coupling  increases  only  slightly  by  a 
factor  of  1.25  at  25  K  to  its  value  at  room  temperature. 

The  slow  decrease  of  J\  with  temperature  could  be  asso¬ 
ciated  with  reduced  magnetization  of  Fe.  For  example,  die 
magnetization  and  the  linear  exchange  coupling  constant,  Jx , 
both  saturate  below  100  K,  The  temperature  dependence  of 
Jx  for  insulating  and  metallic  spacers  can  be  described  by  the 
quantum  interference  model  of  Bruno.16  We  discuss  our  re¬ 
sults  in  the  light  of  available  theories.14-16  According  to 
Slonczewski,15  the  increase  of  J\  and  J2  can  be  mediated  by 
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Fig,  5.  Temperature  dependence  (25-300  K)  of  bilinear  {J i)  and  biqua¬ 
dratic  (J2)  coaling  strengths  for  Fe(8  nm)/Si(l,0  nm)/Fe(102  ran)  trilayer 
film.  The  solid  lutes  serve  as  a  guide  to  the  eye  only. 

loose  spins  present  inside  the  spacer  or  adjacent  to  the  Fe/Si 
interface,  which  can  couple  to  both  Fe  layers  via  indirect 
exchange.  Another  possibility14  resulting  in  a  strong  decrease 
of  J2  with  temperature  can  be  due  to  thickness  fluctuations  of 
the  Si  spacer.  This  causes  a  competition  between  FM  and 
AFM  coupling  for  neighboring  regions,  which  may  lead  to  a 
frustration  of  coupling.  Strijkers  et  ah 6  favored  the  loose  spin 
model15  to  interpret  their  data  of  strong  exponential  decay  of 
J2 .  On  the  contrary,  Fullerton  et  al?  discussed  their  strong 
temperature  dependence  of  biquadratic  coupling  data  by  spa¬ 
tial  or  compositional  fluctuations  at  interfaces  termed  as  a 
fluctuation  mechanism  by  Slonczewski,14  For  all  known  bi¬ 
quadratic  coupling  mechanism,  loose  spin  models,15  the  fluc¬ 
tuation  model14  and  the  intrinsic  higher  order  term16-J2  *n“ 
creases  monotonically  upon  cooling. 

In  Fig.  6  we  show  the  magnetic  field  dependence  of  BLS 


Fig.  6,  BLS  mode  frequencies  vs  magnetic  field  for  die  Fe(S  nm)/Si(l,0 
nm)/Fe(10  am)  trilayer  showing  the  acoustic  (marked  A)  and  optic  (marked 
O)  branches  on  both  Stokes  and  anti-Stokes  sides.  The  plus  signs  (+)  are 
the  theoretical  calculation. 
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mode  frequencies  for  the  Fe(8  nm)/Si(l  nm)/Fe(l  nm) 
trilayer  film  with  the  magnetic  field  applied  along  the  easy 
axis  of  the  film.  The  two  modes  shown  here  (closed  circles) 
are  the  acoustic  and  optic  surface  modes.1’9,11  In  a  typical 
BLS  spectrum  the  acoustic  mode  is  identified  as  the  higher 
intensity  mode  and  the  optic  mode  as  the  lower  intensity 
mode.  The  acoustic  modes  are  marked  as  “A”  and  the  optic 
modes  as  “O”  in  the  figure.  The  evolution  of  the  spectra  with 
magnetic  field  corresponds  to  changes  in  magnetization  di¬ 
rections  of  Mj  and  M2.  As  the  applied  field  is  increased 
from  zero,  the  two  magnetizations  change  from  an  antiparal¬ 
lel  configuration  to  a  spin  flop  or  canted  state,  and  finally  at 
high  field  to  parallel  alignment. 

For  die  antiparallel  alignment,  the  frequency  of  the  optic 
mode  is  higher  than  that  of  the  acoustic  mode,  A  strong 
asymmetry  of  the  Stoke  and  die  anti-Stoke  spectra  reflects 
strong  AFM  coupling  with  antiparallel  alignment  of  Fe  mag¬ 
netizations.  The  asymmetry  and  the  sudden  jump  of  mode 
frequencies  reflect  the  transition  of  magnetization  alignment 
from  antiparallel  to  spin  flop  at  0,6  kOe  and  then  from  spin 
flop  to  parallel  at  4.2  kOe  magnetic  field.  In  the  spin  flop 
region,  the  rotation  of  magnetizations  towards  field  direction 
is  accompanied  by  a  crossing  of  the  spin  wave  modes.  From 
the  theoretical  simulations  it  is  identified  that  the  crossing 
point  of  the  spin  wave  modes  corresponds  to  an  exact  90° 
alignment  between  Mt  and  M2 . 

At  large  applied  fields  and  M2  become  parallel.  In  this 
case  the  difference  in  frequency  between  the  acoustic  and 
optic  modes  is  a  measure  of  the  exchange  coupling  energy 
between  the  two  ferromagnetic  layers.  We  fitted  the  experi¬ 
mental  results  to  the  model  calculation9-11  to  obtain  the  ex¬ 
change  coupling  strengths  J\  and  J2  *  The  quantitative  evalu¬ 
ation  of  coupling  constants  is  done  by  considering  the 
equation  of  motion  and  boundary  conditions,9-11  The  plus 
sign  (+)  indicating  the  results  of  the  theoretical  calculations 
were  generated  from  a  Levenberg-Marquardt  fit  to  the  ex¬ 
perimental  data.  The  strength  of  J\  and  J2  obtained  from  the 
BLS  data  are  -2.62  and  -0,23  erg/cm2,  respectively.  The 
BLS  results  and  the  FMR  results  are  in  good  agreement  for 
all  the  other  samples  with  different  Si  thicknesses. 

The  BLS  and  FMR  measurements  above  probe  the  dy¬ 
namical  properties  of  the  samples.  It  is  important  to  know  if 
the  static  properties  can  be  explained  using  the  same  param¬ 
eters  that  apply  to  the  dynamical  system.  We  used  MOKE  to 
study  the  static  magnetization  as  a  function  of  applied  field. 
The  experimental  easy  and  hard  axis  MOKE  hysteresis  loops 
are  fitted11  by  considering  the  anisotropy  (Kx)t  bilinear  (J 
biquadratic  (J2),  and  Zeeman  energies.  The  hysteresis  loops 
are  simulated  by  minimizing  the  total  free  energy  of  the  sys¬ 
tem  with  respect  to  the  magnetization  directions  of  the  two 
Fe  layers  for  each  value  of  if.  We  can  obtain  both  J  j  and  J2 
coupling  constants  due  to  the  existence  of  two  plateaus  in  the 
hysteresis  loops  and  the  determined  values  are  within  5%  of 
the  FMR  and  BLS  results. 

IV,  CONCLUSION 

We  investigated  Fe/Si/Fe  trilayers  with  strong  antiferro¬ 
magnetic  exchange  coupling  by  FMR  and  BLS.  Both  tech- 
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niques  provide  the  possibility  to  determine  the  bilinear  (Ji) 
and  biquadratic  (J2)  coupling  constants.  The  6H) 
curves  were  well  understood  from  a  theoretical  calculation 
suited  for  strong  AFM  coupling.  The  observed  eightfold-like 
symmetry  is  due  to  competition  between  strong  AFM  cou¬ 
pling  energy  and  cubic  anisotropy  energy  and  results  in  an 
unusual  situation  where  is  higher  along  the  (normally) 
easy-axis  direction  compared  to  that  along  the  hard  axis.  This 
behavior  vanished  at  low  temperature  where  AFM  coupling 
energy  completely  dominates  die  anisotropy  energy  At  room 
temperature  we  obtain  J\  —  ~  2.6  erg/cm2  and  J2 
=  “0.2  erg/cm2.  These  results  are  in  excellent  agreement 
with  those  obtained  from  fitting  the  mode  frequencies  in  BLS 
experiments.  We  also  find  file  behavior  of  J\  and  J2  as  a 
function  of  temperature  and  show  that  the  magnitude  of  J2 
decreases  rapidly  as  the  temperature  increases. 
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We  have  measured  the  Lande  g  factor,  the  effective  magnetization  Mcff,  the  uniaxial  anisotropy  Hk , 
and  the  Gilbert  damping  parameter  a,  as  a  function  of  Permalloy  film  thickness  from  2.5  to  50  nm. 
We  used  a  pulsed  inductive  microwave  magnetometer  capable  of  generating  dc  bias  fields  of  35.2 
kA/m  (440  Oe).  A  significant  decrease  in  g  is  observed  with  decreasing  thickness  below  10  nm. 
Also,  Mcff  decreases  with  decreasing  thickness  consistent  with  a  surface  anisotropy  constant  of 
0.196±0,025  mJ/m2.  The  decrease  in  g  can  arise  from  die  orbital  motion  of  the  electrons  at  the 
interface  not  being  quenched  by  die  ciystal  field.  We  also  compare  our  data  to  a  model  of  an 
effective  g  factor  suggesting  that  the  decrease  in  g  factor  might  also  stem  from  the  Ni-Fe  interface 
with  a  Ta  underlayer.  [DOI:  10.1063/1. 158B734] 


As  die  magnetic-data-storage  industry  develops  disk 
drives  with  data  transfer  rates  approaching  1  Gbit/s,  under¬ 
standing  the  underlying  dynamics  of  die  soft  magnetic  com¬ 
ponents  used  in  recording  heads  becomes  increasingly  im¬ 
portant.  Two  important  material  parameters  that  govern  the 
response  and  precessional  frequency  of  a  magnetic  film  are 
the  effective  magnetization  Mcff  and  die  Lande  g  factor.  Mcff 
affects  the  dynamics  by  generating  internal  demagnetizing 
fields  during  the  switching  process  that  greatly  accelerate  the 
precessional  motion.  The  Lande  g  factor  sets  the  proportion¬ 
ality  of  angular  momentum  and  magnetic  moment  for  the 
individual  spins  that  results  in  processional  motion.  For  state- 
of-the-art  heads  with  exceedingly  small  magnetic  layer  thick¬ 
nesses,  interfaces  play  a  large  role,  and  understanding  the 
effect  of  interfaces  on  Meff  and  g  is  crucial  for  the  engineer¬ 
ing  of  high-performance  recording  systems.  The  thickness 
dependence  of  Meff  and  g  in  the  case  of  thin  Permalloy  films 
was  first  measured  by  ferromagnetic  resonance.1 

We  demonstrate  the  ability  of  a  pulsed  inductive  micro- 
wave  magnetometer  (PIMM)  to  measure  simultaneously  the 
effective  magnetization  Meff,  the  uniaxial  anisotropy  Hkt 
and  the  spectroscopic  Lande  g  factor,  at  high  dc  bias  fields. 
This  is  done  for  a  thickness  series  of  Permalloy  films 
(Ni8iFei9)  ranging  from  2.5  to  50  nm.  By  applying  large  dc 
fields  [35.2  kA/m  (440  Oe)]  along  the  easy  axis  of  the 
sample  during  measurements,  we  are  able  to  extract  Meff ,  g, 
and  Hk  simultaneously  using  a  nonlinear,  three-parameter  fit. 
This  is  in  contrast  to  most  permeameters,  which  require  a 
separate  measurement  of  Meff .  In  addition,  the  Gilbert  damp¬ 
ing  parameter  a,  was  extracted  as  a  function  of  thickness. 

Polycrystalline  Permalloy  films  were  deposited  on  1 
cmXl  cmXlOO  §jl m  (0001)  oriented  sapphire  coupons.  The 
sapphire  substrates  were  cleaned  using  ion  milling  in  Ar/02 
and  Ar  atmospheres  to  remove  contaminants.  Then,  a  dc 
magnetron  operating  in  an  Ar  atmosphere  at  0.533  Pa  (4 
mTorr)  was  used  to  sputter  a  5  nm  Ta  adhesion  layer.  Per¬ 
malloy  films  of  2.5,  5,  7.5, 10, 15, 25,  or  50  nm  thicknesses 
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were  then  deposited  followed  by  a  5  nm  capping  layer  of  Cu 
to  protect  the  Permalloy  against  oxidation.  Samples  were 
grown  in  a  20  kA/m  (250  Oe)  external  magnetic  field  to 
induce  uniaxial  anisotropy.  Photolithography  and  a  nitric 
acid  etch  was  used  to  pattern  a  3  mmX3  mm  square  in  the 
center  of  the  Permalloy  coupon.  The  reduced  sample  area 
was  required  to  guarantee  high  uniformity  of  the  dc  bias  field 
across  the  area  of  the  sample  during  measurements.  Figure  1 
upper  inset  shows  typical  hard-  and  easy-axis  hysteresis 
loops  of  the  unpattemed  50-nm-thick  sample  characterized 
using  an  induction-field  looper  to  verify  their  quality. 

Samples  were  measured  by  use  of  a  PIMM.2  A  coplanar 
waveguide  of  50  ft  impedance  and  100  center  conductor 
was  used.  The  easy  axis  of  the  sample  was  aligned  parallel  to 
the  center  conductor,  as  shown  in  the  lower  inset  of  Fig.  1.  A 
commercial  pulse  generator  provided  10  V  pulses,  with  50  ps 
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FIG,  1,  Frequency  squared  as  a  function  of  bias  field  for  a  5  nm  sample;  the 
error  bars  are  die  size  of  die  circles.  Data  for  bias  field  0.8-7.16  kA/m 
(10-90  Oe)  are  shown  with  filled-in  circles  and  fitted  linearly  with  a  solid 
line  to  demonstrate  the  deviation  from  linearity  of  the  data  at  high  bias 
fields.  All  of  foe  data  were  fitted  with  Eq.  (1)  (dashed  line).  Lower  inset 
shows  foe  measurement  geometry  used  for  pulsed  inductive  microwave 
magnetometer  measurements,  with  the  easy  axis  of  foe  sample  parallel  to  foe 
applied  dc  bias  field.  Upper  inset  shows  induction  field  looper  measurements 
of  the  unpattemed  50  nm  thick  sample  showing  foe  easy-  and  hard-axis 
hysteresis  loops  with  easy-axis  squareness  of  0,99. 
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rise  times  and  10  ns  durations.  The  pulsed  field  Hpj  was 
oriented  along  the  hard  axis  of  the  sample.  The  nominal  field 
pulse  amplitudes  were  found  by  the  use  of  the  Karfquist 
equation  for  fields  from  a  current  strip3  to  be  800  A/m  (10 
Oe).  The  Permalloy  films  were  placed  facing  the  waveguide. 

To  prevent  shorting  of  the  coplanar  waveguide  a  thin  layer  of 
photoresist  (<1  pm)  was  spin  coated  onto  the  sample. 

Static  longitudinal  bias  fields  (Hb  in  Fig.  1  lower  inset), 
ranging  from  0.8  to  35.2  kA/m  (10  to  440  Oe)s  were  gener¬ 
ated  by  an  electromagnet  with  soft  iron  pole  pieces  and  a 
circular  yoke.4  Field  calibration  was  performed  to  avoid  any 
effects  of  remanence  mid  allowed  the  fields  to  be  set  with  an 
uncertainty  of  1%.  Field  uniformity  along  the  waveguide  was 
better  than  1%  over  a  length  of  4  mm.  Coil  resistance  was 
monitored  to  determine  if  any  heating  had  occurred  that . 
could  lead  to  field  drift.  If  the  resistance  was  more  than  2.5% 
above  room-temperature  resistance,  then  data  acquisition 
was  temporarily  stopped  until  the  coils  cooled. 

Precessional  response  was  measured  with  a  20  GHz- 
bandwidth  digital  sampling  oscilloscope.  Hie  measured  pre¬ 
cession  frequencies  ranged  from  1  to  6.5  GHz  and  were  well 
within  the  bandwidth  of  the  detection  system.2  A  background 
response  was  obtained  with  an  applied  saturation  field  of  2.4 
kA/m  (30  Oe)  along  the  hard  axis  and  zero  field  along  die 
easy  axis.  The  precessional  dynamics  was  extracted  by  sub¬ 
tracting  the  measured  and  background  signals. 

The  induced  voltage  of  the  precessional  response  mea¬ 
sured  in  the  time  domain  was  converted  into  frequency  spec¬ 
tra  by  fast  Fourier  transform  for  further  analysis.  The  Gilbert 
damping  parameter  a,  was  extracted  from  the  full  width  at 
half  maximum  of  the  imaginary  part  of  die  spectrum  A m, 
such  that:  ^w!(yp0Meff)5  The  resonance  of  the  signal 

was  extracted  from  the  zero  crossing  of  the  real  part  of  the 
spectrum.  The  resonance  frequency  as  a  function  of  bias  field 
can  be  described  by  the  Kittel  formula  for  a  thin  film6 

"o=(nP)  (M'ft+Hk+Hb)(Hk+Hb),  (1) 

where  pB  is  the  Bohr  magneton,  ft  is  Planck’s  constant  di¬ 
vided  by  27T,  and  p0  is  the  permeability  of  free  space.  A 
simultaneous  three-parameter  fit  of  vs  Hb  can  be  used  to 
extract  Meff,  g,  and  Hk.  We  emphasize  that  a  three- 
parameter  fit  is  possible  only  when  a  sufficiently  large  field 
range  is  used  such  that  terms  in  Eq.  (1)  quadratic  in  bias  field 
are  no  longer  negligible.  Fortunately,  die  applied  dc  fields 
need  not  be  as  large  as  for  the  nonlinearity  in  vs  Hb 
to  be  measurable.  Since  surface  anisotropies  may  exist  for 
very  thin  magnetic  films,  the  demagnetizating  fields  induced 
by  out-of-plane  motion  of  the  magnetization  vector  differs 
from  die  saturation  magnetization  by  the  usual  surface  an¬ 
isotropy  term7 

2KS 

.  w 

where  8  is  the  film  thickness  and  Ks  is  the  average  anisot¬ 
ropy,  consisting  of  the  sum  of  the  Cu/NiFe  and  Ta/NiFe  in¬ 
terface  surface  anisotropies. 

Figure  1  is  a  plot  of  frequency  squared,  f2  =  (  wflrr) 2  as 
a  function  of  longitudinal  bias  field  for  a  5-nm-thick  film. 

The  uncertainty  in/2  is  found  to  vary  from  5%  at  1  GHz2  to 
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FIG,  2.  and  g  as  a  function  of  thickness,  8.  Inset  shows  Hk  and  a  as 

a  function  of  8.  The  a  values  plotted  are  with  8  kA/m  longitudinal  bias  field 
applied.  was  fitted  to  Eq.  (2)  (dashed  fine),  yielding  /x0M,=  1,0553 

T  and  £,=0.196  mJ/m2.  The  measured  g  factor  is  compared  to  Eq.  (7) 
(solid  fine)  where  7Tl/NiFc=0.6  nm  (see  Ref.  12),  7Cu/NiFc=Q.4  nm, 
gNiFe=2.1  (see  Refs.  1,  and  13)  (see  Ref.  14),  gCuftnFe~2,05 

(see  Ref,  15). 

0.8%  at  40  GHz2.  The  data  can  be  fit  using  Eq.  (1)  (dashed 
line)  to  yield  values  of  Mcff,  g,  and  Hk.  To  highlight  the 
deviation  from  linearity,  data  for  Q.8-7.2  kA/m  (10-90  Oe) 
bias  fields  (shown  with  filled-in  circles)  were  fitted  to  a  lin¬ 
ear  function  of  Hb ,  with  the  fit  extrapolated  to  high  fields. 
The  data  are  as  much  as  8%  greater  than  the  linear  extrapo¬ 
lation  from  low  field  data,  showing  the  magnitude  of  the 
nonlinearity  to  be  fitted  in  the  extraction  of  Af eff ,  g,  and  Hk . 
For  each  thickness,  multiple  measurements  were  made  to 
determine  statistics  for  repeatability  and  to  decrease  noise 
through  averaging.  Due  to  the  1%  uncertainty  in  bias  fields, 
a  systematic  error  of  2,5%  for  g,  4%  for  Meff ,  and  12%  error 
in  Hk  are  presumed.  Results  for  Meff  and  g  as  a  function  of 
thickness  8,  are  shown  in  Fig.  2.  Hk  and  a  as  a  function  of 
thickness  is  shown  in  Fig.  2  inset.  The  a  values  plotted  are 
from  data  with  an  8  kA/m  longitudinal  bias  field. 

The  Gilbert  damping  parameter,  a,  increased  with  de¬ 
creasing  film  thickness,  consistent  with  previous  measure¬ 
ments  in  Permalloy,8  Hk  appears  to  vary  randomly  with  an 
average  value  of  408±40  A/m  (5.1±0.5  Oe)  for  2.5<$<15 
nm,  with  no  observable  trend  within  the  error  bars  for  the 
measurement.  However,  both  Meff  and  g  decrease  signifi¬ 
cantly  with  decreasing  film  thickness  below  10-20  nm.  In 
practical  terms,  the  reduction  in  Meff  and  g  is  a  decrease  in 
the  intrinsic  ferromagnetic  resonance  frequency  for  the  thin¬ 
nest  Permalloy  by  27%  relative  to  the  thickest  films,  equiva¬ 
lent  to  a  shift  in  the  precessional  frequency  of  230  MHz, 
Values  obtained  for  p$ M  eff  with  the  PIMM  are  consis¬ 
tent  with  values  obtained  from  an  alternating  gradient  mag¬ 
netometer  (AGM),  For  50  and  25  nm  sample  thicknesses  the 
AGM  measured  values  of  were  1.0630  and  1.0180  T, 
respectively,  compared  to  1,0462  and  1.0398  T,  respectively, 
from  the  PIMM  measurements.  The  observed  decrease  in 
/i0M eff  with  decreasing  thickness  is  consistent  with  a  surface 
anisotropy  contribution  given  by  Eq.  (2).  A  fit  to  Eq.  (2)  is 

shown  in  Fig,  2  as  a  dashed  line.  Ks  is  0,196±0.025  mJ/m2 
to  AfP  license  or  copyright,  see  http://ojps.aip.org/apio/aplcr.lsp 


Appl.  Phys,  Lett.,  Voi.  83,  No,  1.  7  July  2003 


Nibarger  el  al 


m 


and  fjLQMs  is  1.0553 ±0.046  T.  The  error  in  Ks  and  fiQMs 
accounts  for  both  random  enror  and  the  uncertainty  of  1%  for 
the  bias  field. 

In  general,  both  the  orbital  and  spin  angular  momentum 
contribute  to  the  total  angular  momentum  of  an  electron.  As 
such,  the  g  factor  may  be  written  as 

2me  fis+PL  ,  . 

g~  e  < S)  +  (L )’  W 

where  fis  and  fiL  are  the  contributions  to  the  electron  mag¬ 
netic  moment  due  to  the  spin  and  orbital  components,  re¬ 
spectively.  For  a  symmetric  crystal  lattice,  the  orbital  motion 
of  the  electron  during  gyromagnetic  precession  is  quenched 
by  the  crystal  field,  i.e,,  {£)  =  0.  Thus,  die  orbital  contribu¬ 
tion  to  die  electron  angular  momentum  is  zero  even  though 
the  orbital  contribution  to  the  magnetic  moment  is  nonzero 
resulting  in  a  g  factor  that  is  always  greater  than  two:9 


The  mixing  at  Ta/NiFe  interfaces  has  been  well  studied 
for  magnetic  random  access  memory  *(MRAM)  and  giant 
magnetoresistance  applications.  Kowalewski  etoL12  found 
die  interface  thickness  for  unannealed  samples  to  be  0.6  nm. 
The  thickness  of  the  Cu/NiFe  interfaces  is  approximately 
two  monolayers  {0.4  nm).  The  measured  g  factor  for  NiFe 
from  this  experiment  for  the  thickest  films  is  2.1,  which  is 
consistent  with  other  published  values  (2.08,1  2,08,i3  and 
2. 17). 13  For  the  g  factor  at  the  Ta/NiFe  interface,  we  make  a 
very  coarse  approximation  and  use  the  Ta  bulk  value  of 
1.58.14  Likewise,  die  g  factor  for  Cu/NiFe  is  simply  that  of 
bulk  Cu,  2.05,15  a  value  not  too  different  from  that  of  bulk 
Permalloy.  A  plot  of  Eq.  (7)  with  the  earlier  assumption  is 
shown  in  Fig.  2  with  no  adjustable  parameters.  The  calcu¬ 
lated  reduction  in  g  with  decreasing  NiFe  thickness  is  in 
large  part  die  result  of  the  Ta  interface,  which  has  a  large 
orbital  contribution  to  the  moment. 


2me  jis+PL  Ji.Ml] 

1+^J- 


However,  the  orbital  motion  is  not  entirely  quenched  at 
surfaces  and  interfaces  where  the  crystal  field  is  no  longer 
symmetric  since  die  interface  breaks  inversion  symmetry. 
Under  such  circumstances,  the  orbital  motion  can  still  con¬ 
tribute  to  the  gyromagnetic  motion.  Equation  (3)  can  then  be 
written  as 


since  { S)-fismefe ,  {L)  =  2fiLmeie  and  expanding  the  Tay¬ 
lor’s  series  to  first  order.  Thus,  surfaces  and  interfaces  allow 
for  the  possibility  that  the  g  factor  is  less  than  2.  Two  physi¬ 
cal  mechanisms  are  plausible  sources  for  this  interface  effect. 
First,  the  orbital  motion  is  not  quenched  by  the  crystal  field, 
Le.,  {£)#0.  In  addition,  material  mixing  at  die  interface 
could  alter  die  g  factor.  We  can  model  the  later  hypothesis  of 
interface  mixing  by  relying  on  the  concept  of  an  effective  g 
factor,  g€ff,  first  proposed  by  Wangness10*11 


PMFc^NiFe4*  P  Ta/NiFe  ^Ta/NiFe +  P  Cu/NiFe  ^Cu/NiFe 


geff 


PNiFe^NiFe  ,  PTa/NiFe  ^Ta/NiFe  ,  P  Cu/NiFe  ^Cu/NiFe 

'  '  >  \b/ 

gNiFe  gTa/NiFe  g  Cu/NiFe 

where  pi5  Vif  and  gt  are  the  spin  density,  volume,  and  g 
factor  for  each  of  the  respective  layers  or  interfaces 
(i=NiFe,  Ta/NiFe,  Cu/NiFe).  The  volume  V{  may  be  set 
equal  to  the  thickness  tt  since  the  interface  area  is  the  same 
for  each  layer.  Equation  (6)  can  be  rewritten  as  a  function  of 
the  thickness  of  die  Permalloy  film,  B. 


%#k$)= 


^Ta/NiFe  "bt  Cu/NiFe 

$  ^  ^  Ta/NiFe  ^  ?Ca/NiFe 

gNiFe  gTa/NiFe  g  Cu/NiFe 


(7) 


We  assume  that  the  spin  density  pt  is  invariant  through  die 
film  thickness  and  that  reasonable  assumptions  for  the  Cu/ 
NiFe  and  Ta/NiFe  interface  thickness  and  the  g-factors  for 


This  model  works  surprisingly  well  as  an  explanation  for 
die  thickness  variation  of  g,  in  spite  of  the  particularly  crude 
assumptions  made  of  uniform  spin  density  and  bulk  values 
for  the  g  factors  at  the  various  interfaces.  These  two  assump¬ 
tions  stem  from  the  presumption  that  ferromagnetism  persists 
even  in  an  intermixed  atomic  environment,  though  the  orbital 
momentum  contribution  to  the  total  angular  momentum  of 
die  ferromagnetic  spins  is  dominated  by  the  electronic  struc¬ 
ture  of  the  nonmagnetic  constituent.  We  conclude  that  either 
the  orbital  motion  at  the  interface  is  not  quenched  by  the 
crystal  field,  i.e.,  {L)  #0,  or  that  interfacial  mixing  of  ferrous 
and  nonferrous  materials,  or  some  combination  of  these  two 
effects  can  explain  the  significant  deviations  of  the  preees- 
sional  dynamics  in  thin  Permalloy  films  from  that  predicted 
from  bulk  values  of  the  g  factor. 
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We  fabricated  a  series  of  magnetic  monolithic  tunable  microwave  notch-filters  and  phase  shifters.  In 
contrast  to  previous  work  with  molecular  beam  epitaxy  grown  metallic  ferromagnets,  our  devices 
were  created  by  magnetron  sputtering.  Single  crystal  GaAs  (001)  was  used  as  a  substrate.  Iron  and 
Permalloy  were  used  as  magnetic  materials  in  a  coplanar  waveguide  geometry.  The  transmission 
characteristics  of  the  filters  were  observed  to  depend  on  substrate  quality,  film  deposition  parameters 
(Argon  pressure,  growth  rate,  power,  etc.),  and  grain  size.  In  addition  we  observed  a  substantial 
increase  in  the  resonance  frequency  for  the  Fe  based  notch-filters.  This  increase  in  the  resonance 
frequency  is  due  to  a  growth-induced  uniaxial  anisotropy  field  of  40  kA/m  in  the  Fe  films.  This  is 
an  unexpected  and  important  result  especially  because  die  observed  anisotropy  is  growth  and  not 
field  induced.  The  resonance  frequency  shifted  from  9.3  GHz  at  zero  applied  magnetic  field  to  15 
GHz  for  an  applied  static  magnetic  field  as  low  as  72  kA/m  (0.9  kOe).  The  Fe  based  notch  filter 
attenuation  was  greater  than  35  dB/cm  over  the  whole  applied  field  range  at  the  resonance  condition. 

The  phase  shift  of  the  Fe  structures  was  up  to  100° /cm  at  8  GHz.  The  Permalloy  based  filters  show, 
over  the  same  magnetic  field  range,  a  shift  in  the  resonance  frequency  from  2  to  9  GHz.  The 
attenuation  of  the  Permalloy  filters  at  resonance  (6  dB/cm)  is  substantially  lower  than  in  the  Fe 
based  filters.  ©  2003  American  Institute  of  Physics.  [DOI:  10.1063/1.1557856] 


INTRODUCTION 

The  development  of  hybrid  structures  formed  by  thin 
metallic  magnetic  films,  e.g.,  Fe,  Permalloy,  etc.,  on  semi- 
insulating  substrates1-4  has  received  considerable  attention 
as  a  technique  for  integrating  microwave  devices  with  semi¬ 
conductor  technology.  This  allows  construction  of  high  fre¬ 
quency  microwave  and  millimeter  wave  monolithic  inte¬ 
grated  circuits  (MMIC).  In  this  article  we  concentrate  on  the 
coplanar  waveguide  (CPW)  structure,  because  it  is  especially 
suitable  for  the  magnetic-MMIC  design,  due  to  the  easy 
implementation  of  additional  microwave  components  with¬ 
out  via  holes.3 

Recent  work  on  magnetic-MMIC  has  focused  on  the  use 
of  metallic  ferromagnetic  materials  because  their  high  satu¬ 
ration  magnetization  allows  for  operation  of  the  devices  at 
higher  frequencies  than  with  conventional  insulating  ferrites. 
Most  of  the  ferromagnetic  metal-based  MMIC  devices  fabri¬ 
cated  up  to  now  have  used  molecular  beam  epitaxy  (MBE) 
growth,  a  process  that  is  generally  not  compatible  with  in¬ 
dustrial  mass  production  techniques.  In  contrast,  we  report 
here  on  the  manufacturing  of  magnetic  MMIC  devices  by 
magnetron  sputtering,  a  technique  widely  used  in  file  indus¬ 
try.  The  magnetron  sputtering  has  an  additional  advantage. 
While  MBE  grown  films  are  generally  thin,  on  the  order  of 
100  nm  or  less,  the  microwaye  MMIC  devices  often  require 
films  with  thicknesses  that  are  much  laiger,  on  the  order  of  1 


•^Electronic  mail;  bkkuanr@yahoo.com 


to  2  fi m  or  so.  This  is  because  the  film  thickness  should 
generally  be  comparable  or  larger  than  the  skin  depth  in 
magnetic  material.  This  thickness  can  be  more  easily 
achieved  by  sputtering  techniques. 

EXPERIMENTS 

The  CPW  lines  were  fabricated  by  depositing  thick  mag¬ 
netic  layers  of  either  Fe  (650  nm)  or  Permalloy  (750  nm)  on 
top  of  insulating  GaAs  substrates  to  reduce  the  microwave 
loss.  A  thin  10  nm  Ti  film  was  used  to  increase  adhesion.  The 
background  pressure  in  our  deposition  system  was  13  /uPa 
(1.0X10"7  Torr).  The  deposition  was  made  using  an  rf/dc 
magnetron  source  at  a  rate  of  ~  0.1  nm/s  and  with  argon  (Ar) 
pressure  0.27-0.53  Pa  (2-4  mT),  A  thin  layer  of  Ag  was 
deposited  on  top  to  prevent  oxidation  of  the  magnetic  film. 
The  films  were  photolithographically  patterned  followed  by 
ion  milling  in  an  Ar  atmosphere.  The  CPW  structure  was 
designed  for  a  characteristic  impedance  of  50  ft.  Two  right- 
angle  bends  are  introduced  at  the  ends  of  the  transmission 
line  to  allow  for  the  commercial  microprobes  to  make  con¬ 
tact,  and  also  make  the  component  of  the  oscillating  radio- 
frequency  microwave  field,  perpendicular  to  the  applied 
bias  static  magnetic  field.5  In  this  geometry  the  energy  of  the 
electromagnetic  wave  propagating  along  the  CPW  structure 
is  coupled  into  the  magnetic  films  and  incurs  ferromagnetic 
resonance  phenomena.  The  resulting  resonance  frequency 
can  then  be  tuned  by  varying  the  external  magnetic  field. 

We  characterized  die  CPW  transmission  lines  at  frequen¬ 
cies  from  0.5  to  20  GHz  using  an  automated  vector  network- 
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FIG.  1.  Attenuation  for  Fe  (a)  and  Permalloy  (b)  based  coplanar  waveguides 
as  a  function  of  frequency  for  different  applied  fields. 


analyzer  (VNA)  and  a  microprobe  station;  the  on  wafer  cali¬ 
bration  was  done  using  the  NIST  Multical®  software  for  the 
through-short-line  (TRL)  calibration  procedure.6  The  longest 
and  the  shortest  lines  used  for  calibration  were  0.0071  and 
0.0025  m  to  cover  the  entire  frequency  range  of  interest. 


RESULTS  AND  DISCUSSION 

Figure  1  shows  the  on-wafer  calibrated  transmission 
scattering  matrix  coefficient  S2t  as  a  function  of  frequency 
for  Fe  (a)  and  Permalloy  (b)  0.0025  m  long  CPW  lines.  The 
transmitted  signal  shows  a  dip  at  the  ferromagnetic  reso¬ 
nance  frequency  due  to  the  coupling  of  microwave  energy  to 
the  magnetic  spin  system.  For  an  isotropic  material  this  reso¬ 
nance  frequency  (f„ s)  is  given  by 

(1) 

where  H  is  the  applied  field,  Ms  is  the  saturation  magnetiza¬ 
tion,  and  y  is  the  gyromagnetic  ratio  jy|=2.31 
X 108  m/kA  s.  The  observed  resonance  frequency  of  9.53 
GHz  for  the  Fe  CPW  with  saturation  magnetization  of  fi0 
XMS= 2  T,  with  /Et0=4irX  10~7  H/m  as  the  permeability  of 
the  vacuum,  and  a  bias  field  of  2.4  kA/m  (0.03  kOe)  does  not 
follow  the  prediction  from  Eq.  (1).  We  determined  that  our 
deposited  Fe  film  had  a  substantial  uniaxial  anisotropy  field, 
Hu ,  along  the  direction  of  the  applied  static  bias  field.  If  foe 
uniaxial  anisotropy,  with  ah  easy  axis  oriented  along  the  ap¬ 
plied  static  bias  field,  is  taken  into  account  foe  resonance 
frequency  is  given  by 

/«-  ( 5^)  tKH+HuXH+M.+Hv).  (2) 


The  presence  of  the  uniaxial  anisotropy  is  important  for  pos¬ 
sible  applications.  If  one  would  be  able,  during  the  process 
of  foe  deposition,  to  align  the  easy  axis  parallel  to  the  center- 
conductor  of  foe  CPW  it  would  allow  foe  initial  resonance 
frequency  (the  frequency  when  H=  0)  of  magnetic  MMIC 
devices  to  be  controlled.  We  will  address  this  issue  more 
closely  later  in  foe  text.  At  foe  moment,  we  wish  to  empha¬ 
size  that  the  experimental  results  for  the  Fe  CPW  devices 
show  a  significant  uniaxial  anisotropy  even  though  they  were 
made  by  magnetron  sputtering. 

We  followed  foe  resonance  behavior  of  foe  magnetie- 
MMIC  devices  by  measuring  the  calibrated  two-port  scatter¬ 
ing  matrix  coefficients  5y  of  the  particular  device  while  tun¬ 
ing  the  resonance  frequency  of  foe  device  up  to  15  GHz  by 
applying  a  small  external  magnetic  field  from  0  to  72  kA/m 
(0.9  kOe),  From  the  measured  scattering  transmission  matrix 
coefficient  S21  we  estimated  that  foe  attenuation  at  resonance 
for  the  Fe  CPW  filter  was  —35  dB/cm  in  foe  entire  applied 
magnetic  field  range.  As  seen  in  Fig,  1(a),  foe  total  loss  in  foe 
measured  device  has  an  additional  nonmagnetic  insertion 
loss  of  12  dB  that  will  be  addressed  later  in  foe  text. 

In  contrast,  foe  transmission  scattering  matrix  coefficient 
S2I  for  the  Permalloy-based  CPW  filter,  shown  in  Fig.  1(b), 
exhibits  resonance  at  a  much  lower  frequency  that  foe  Fe- 
based  filters  for  the  same  magnetic  bias  field.  For  example, 
for  foe  bias  field  of  2.4  kA/m  (0.03  kOe),  the  resonance  is  at 
2.3  GHz  in  the  Permalloy  devices  while  it  is  9.5  GHz  for  foe 
Fe-based  devices  at  foe  same  applied  field.  This  decrease  in 
foe  resonance  frequency  is  due  to  the  smaller  saturation  mag¬ 
netization  /li0X  Ms=  1  T  along  with  a  much  smaller  uniaxial 
anisotropy  typical  of  Permalloy  films.  The  resonance  fre¬ 
quency  in  the  Permalloy  CPW  was  tuned  up  to  8.5  GHz  by 
increasing  the  bias  field  up  to  72  kA/m  (0.9  kOe),  The  reso¬ 
nance  attenuation  obtained  for  this  filter  is  — 10  dB/cm  with 
an  additional  nonmagnetic  insertion  loss  of  —7  dB. 

The  investigated  magnetic  MMIC  CPW  filters  show 
some  performance  limitations  that  will  have  to  be  addressed 
in  the  future.  These  are  mainly  the  nonmagnetic  insertion 
loss  as  well  as  foe  background  frequency  dependence  of  foe 
devices.  The  limitations  are  primarily  due  to  the  construction 
design  of  foe  CPW  line;  foe  sharp  90°  turns  are  a  source  of 
radiation  losses  and  substrate  mode  generation  which  con¬ 
tribute  to  foe  observed  nonmagnetic  insertion  loss  and  foe 
smoothness  of  the  transmission  curve.  Since  foe  skin  depth 
becomes  comparable  to  foe  conductor  thickness  below  20 
GHz,  foe  field  penetration  effects  are  also  important  in  foe 
entire  frequency  range  studied. 

Figure  2  shows  foe  dependence  of  foe  resonance  fre¬ 
quency  on  foe  applied  bias  static  magnetic  field.  The  solid 
line  represents  foe  theoretical  calculation  using  Eq.  (2)  and 
foe  symbols  show  foe  experimental  results.  To  fit  the  experi¬ 
mental  data  for  foe  Fe  CPW  filter  we  had  to  use  a  relatively 
large  uniaxial  anisotropy  of  37.  6  kA/m  (0.47  kOe).  As  al¬ 
ready  mentioned  above,  this  is  a  surprising  result  since  one 
would  expect  isotropic  behavior  in  sputtered  devices.  We  at¬ 
tribute  this  to  the  effect  of  the  single  crystal  (001)  oriented 
GaAs  substrate,  which  was  apparently  slightly  miscut.  The 
Permalloy  samples  that  were  grown  on  a  different  set  of 
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FIG,  2,  Resonance  frequency  as  a  function  of  applied  field  for  Fe  and 
Permalloy. 


GaAs  substrates  showed  only  a  very  small  growth-induced 
magnetic  anisotropy. 

The  misorientation  of  the  GaAs  substrate  introduced  a 
growth-induced  anisotropy  in  the  Fe  films  during  the  depo¬ 
sition,  Earlier  experiments4  with  MBE  grown  ultrathin  Fe 
films  (3  nm  and  below)  on  the  same  single  crystal  GaAs 
substrates  also  showed  very  large  anisotropies,  up  to  160 
kA/m  (2  kOe).  Angular  FMR  measurements  proved  that  die 
observed  anisotropies  in  the  MBE  grown  films  were  uniaxial 
in  nature.  The  fact  that  our  sputtered  films  were  much  thicker 
that  the  MBE  grown  films,  and  still  showed  significant  an¬ 
isotropy,  indicates  that  the  single  crystal  GaAs  substrate  in¬ 
duces  stresses  throughout  the  Fe  film,  resulting  in  a  large 
uniaxial  anisotropy  field  Hv. 

The  large  uniaxial  anisotropy  in  die  Fe  structures  could 
be  very  important  for  device  development  since  it  boosts  the 
operational  frequency  substantially.  It  is  interesting  to  specu¬ 
late  whether  a  deliberately  miscut  substrate  could  be  utilized 
in  the  future  design  of  sputtered  thin  film  magnetic-MMIC 
devices.  Additional  research  should  be  done  to  explore  the 
possibility  of  obtaining  even  larger  uniaxial  anisotropies  in 
sputtered  Fe  films  by  proper  orientation  of  single  crystal 
GaAs  substrates,  possibly  in  combination  with  deposition  in 
a  magnetic  field. 

The  CPW  notch  filters  can  also  be  used,  in  principle,  as 
phase  shifters.  The  results  for  phase  shifter  operation  are 
presented  in  Fig.  3  for  the  Fe-based  CPW  structures.  The  top 
panel  shows  the  phase  angle  of  the  transmitted  signal  as  a 
function  of  the  frequency  for  different  values  of  die  applied 
field.  Although  substantial  changes  are  seen  near  resonance, 
the  attenuation  of  the  device  at  these  frequencies  is  high  (the 
device  performs  as  a  notch  filter  close  to  resonance)  which 
makes  operating  the  device  as  a  phase  shifter  unsuitable  at 
these  frequencies.  By  close  inspection  of  die  measured  data, 
we  observed  that  away  from  the  resonance  them  is  still  a 
shift  of  the  phase  angle  with  the  applied  field.  This  change  in 
phase  angle  away  from  resonance,  as  a  function  of  the  ap- 


F1G.  3.  Transmitted  phase  (a)  as  a  function  of  frequency  for  Fe  based 
devices,  and  phase  shift  (b)  as  a  function  of  applied  magnetic  field. 

plied  field,  is  plotted  in  Fig.  3(b),  Note  that  at  8  GHz,  a  phase 
shift  of  100  deg/cm  was  measured  with  only  a  2  dB  change 
of  insertion  loss.  At  lower  frequencies  the  observed  attenua¬ 
tion  as  well  as  the  phase  change  are  both  smaller. 

In  conclusion,  we  constructed  a  set  of  microwave  de¬ 
vices  using  Fe  and  Permalloy  grown  by  magnetron  sputter¬ 
ing.  From  the  observed  data  we  can  conclude  that  devices 
grown  by  magnetron  sputtering  have  performance  character¬ 
istics  that  are  similar  to  the  characteristics  of  devices  grown 
by  MBE.  An  intriguing  development  is  the  observed  large 
uniaxial  anisotropy  ill  sputtered  materials.  This  growth- 
induced  anisotropy  is  important  from  the  device  design 
standpoint  because  it  can  significantly  increase  the  opera¬ 
tional  frequency  of  microwave  ferromagnetic  metal  devices. 
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Exchange  bias  was  studied  in  the  Fe/KCoF3  ferromagnet/antiferromagnet  system.  KCoF3  can  be 
deposited  onto  single  crystal  of  Fe,  either  in  the  polycrystalline  or  single  crystal  form,  depending  on 
growth  conditions.  The  samples  were  grown  by  molecular  beam  epitaxy  on  Ga-terminated  GaAs 
(100)  wafers.  We  study  effects  of  the  crystal  state  of  the  fluoride,  thickness  of  the  Fe  film, 
crystallographic  orientation  of  the  Fe,  and  temperature  on  exchange  bias.  The  structures  with  single 
crystal  KCoF3  show  that  the  exchange  bias  is  well  correlated  with  the  coercivity  at  low  temperatures 
and  vanishes  at  a  temperature  close  to  the  Neel  temperature.  Both  the  magnitude  of  the  exchange 
bias  and  the  blocking  temperature  of  the  samples  with  the  polycrystalline  fluoride  were  significantly 
reduced  compared  to  the  single  crystal  structures.  As  the  Fe  film  thickness  was  increased,  the 
exchange  bias  decreased  for  all  samples.  In  contrast,  the  blocking  temperature  remained  unchanged 
for  the  samples  with  the  single-crystal  fluoride.  The  exchange  bias  measured  along  the  easy 
anisotropy  axis  of  the  Fe  was  slightly  larger  than  that  measured  along  the  hard  axis.  In  addition,  all 
samples  exhibited  a  weak  training  effect.  ©  2003  American  Institute  of  Physics , 
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The  exchange  bias  originates  from  exchange  interactions 
among  magnetic  atoms  at  the  ferromagnet/antiferromagnet 
interface  and  it  manifests  itself  as  a  shift  of  magnetization 
hysteresis  loops.  It  also  contributes  to  magnetic  anisotropy  as 
a  unidirectional  anisotropy  component  and  can  be  measured 
using  torque  magnetometry  or  ferromagnetic  resonance  tech¬ 
niques.  In  spite  of  numerous  works  on  exchange  bias  sys¬ 
tems  during  the  past  decade  the  mechanism  of  exchange  bias 
is  still  not  fully  understood.1-4 

Exchange  bias  exists  in  a  variety  of  nanostructured  sys¬ 
tems  including  granular  and  layered  structures.  The  system 
we  studied  consists  of  a  single  crystal  (100)  Fe  film  and  a 
KCoF3  film,  which  is  a  model  Heisenberg  antiferromagnet. 
The  key  feature  of  this  system  is  that  the  antiferromagnet  can 
be  grown  on  the  Fe  film  in  either  single  crystal  or  polycrys- 
talline  forms.  It  has  been  recently  found  that  the  crystalline 
form  of  the  fluoride  significantly  modifies  magnetocrystal¬ 
line  anisotropy  of  the  adhering  Fe  film.5,6  This  article  is  de¬ 
voted  to  a  comprehensive  study  of  exchange  bias  in  this 
interesting  system. 

A  molecular  beam  epitaxy  system  was  used  to  deposit 
the  exchange  bias  system.  A  few  monolayers  of  Fe  were 
deposited  on  a  Ga  terminated  (100)  GaAs  substrate  as  a  seed 
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layer.  Then,  single  crystal  (100)  Fe  films  with  thicknesses 
from  1  to  3  nm  were  deposited  on  80  nm  Ag  templates.  Films 
of  KCoF3  with  a  thickness  of  30  nm  were  deposited  onto  the 
Fe  layer  using  an  electron-gun  evaporator.  Single  crystals  of 
KCoF3  grow  at  low  deposition  rates  (below  0.1  nm/s)  and  at 
elevated  temperatures  (~  180 °C).  Room  temperature  depo¬ 
sition  with  the  rates  above  0.2  nm/s  resulted  in  a  columnar 
growth  of  polycrystalline  film,  with  a  typical  diameter  near  5 
nm.  Moreover  the  direction  of  growth  for  these  columns  var¬ 
ies  from  grain  to  grain.  For  the  single  crystal  KCoF3  a  typi¬ 
cal  lateral  grain  size  is  significantly  larger  (above  50  nm)  but 
dislocation  defects  at  die  Fe/fluoride  interface  are  visible, 
separated  by  distances  of  20-50  nm.  The  exchange  bias  was 
measured  for  5  2*000  K,  using  a  SQUID  magnetome¬ 

ter.  In  addition  some  results  were  verified  by  ferromagnetic 
resonance  measurements  at  24  K. 

Typical  magnetic  hysteresis  curves  measured  along  the 
easy  and  hard  axis  are  presented  in  Fig,  1  for  die  sample  with 
1.3  nm  thick  Fe  (001)  and  a  single  crystal  KCgF3  .  They  are 
superpositions  of  hysteresis  loops  representing  the  two  Fe 
layers.  The  central  part  of  the  loop  refers  to  the  exchange- 
biased  Fe  layer  and  it  consists  of  two  magnetization  jumps, 
which  are  asymmetric  with  respect  to  die  zero  field.  The 
approach  to  magnetic  saturation  at  higher  fields  reflects  mag¬ 
netization  behavior  of  die  thinner  seed  layer,  which  is  sepa¬ 
rated  by  a  thick  Ag  buffer  layer  from  the  exchange  biased 
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FIG.  1,  Hysteresis  loops  for  the  single  crystal  Fe/K€oF3  bilayer  deposited 
on  Ag  template  with  5  monolayers  thick  Fe  seed  layer.  Magnetic  field  during 
cooling  and  measurement  was  applied  along;  (a)  easy  magnetization  axis 
[001]  and  (b)  hard  magnetization  direction  [Oil]  for  Fe  (001). 

layer.  Note  that  the  high  field  jumps  are  symmetric  about 
zero  and  not  biased. 

It  is  worth  noting  that  the  Fe  seed  layer  shows  abrupt 
magnetization  reversal  when  magnetized  along  die  easy 
magnetization  direction  and  there  is  a  gradual  change  and  a 
substantially  smaller  hysteresis  in  the  case  of  die  magnetic 
field  applied  along  the  hard  axis.  This  behavior  of  the  seed 
layer  is  characteristic  of  single  domain  magnetization.  In 
contrast  the  thicker  exchange-biased  layer  does  not  exhibit 
such  distinct  differences  for  different  crystallographic  orien¬ 
tations  with  respect  to  applied  field,  which  seems  to  indicate 
its  multidomain  structure.  Our  studies  are  focused  on  the 
layer  showing  exchange  bias  effects,  therefore  the  magnetic 
behavior  of  the  seed  layer  will  be  skipped  in  the  further 
discussion. 

We  measured  the  temperature  dependence  of  the  ex¬ 
change  bias  for  several  samples  with  Fe  thicknesses  varying 
from  1.05  to  2  nm.  Typical  results  for  the  samples  with  single 
crystal  and  polycrystalline  fluoride  are  presented  in  Fig.  2.  In 


FIG.  2.  Temperature  dependences  of  coercive  force  (Hc)  and  exchange  bias 
(Hb)  for  Fe/KCoF3  structures  with  single  crystal  Fe  and  (a)  single  crystal 
fluoride  and  (b)  polycrystaliine  fluoride. 


Thickness  [nm] 

FIG.  3.  The  dependence  of  exchange  bias  to  eoercivity  (Hb  !HC)  ratio  on 
the  Fe  film  thickness  in  samples  with  single  crystal  fluoride.  SQUID  mea¬ 
surements  were  done  at  5  K. 

both  cases  the  thickness  of  the  Fe  (001)  film  is  1.05  nm. 
These  SQUID  measurements  were  additionally  verified  by 
ferromagnetic  resonance  measurements  for  selected  samples 
at  24  K.  We  found  reasonably  good  agreement  between  the 
shift  of  tiie  hysteresis  loop  and  unidirectional  anisotropy 
evaluated  from  the  anisotropy  curves  measured  by  ferromag¬ 
netic  resistance. 

We  found  that  for  the  samples  with  single  crystal  fluo¬ 
ride,  there  is  a  good  correlation  between  temperature  depen¬ 
dences  of  the  eoercivity  and  the  exchange  bias  with  a  similar 
decrease  with  temperature  as  demonstrated  in  Fig.  2(a).  Ac¬ 
tually  such  correlation  is  expected  for  exchange  bias  systems 
in  single  domain  models7  because  both  quantities  are  func¬ 
tions  of  the  magnetization,  anisotropy,  and  thickness  of  the 
constituent  magnetic  layers.  The  exchange  bias  to  eoercivity 
ratio  for  the  thinnest  samples  was  in  the  range  from  90%  to 
104%  at  5  K  and  it  decreased  to  zero  at  the  temperature  close 
to  the  Neel  temperature  (114  K).  In  contrast,  samples  with 
polycrystalline  fluoride  had  a  smaller  initial  exchange  bias 
compared  to  the  coercive  field  (65%-90%)  and  it  decreased 
much  faster  with  the  increasing  temperature  as  seen  in  Fig. 
2(b).  As  a  result  the  blocking  temperature  was  substantially 
lower  (from  50  to  75  K), 

Samples  deposited  on  GaAs  wafers  with  different  rough¬ 
ness  had  significantly  different  coereivities  measured  at  5 
K — Hc  varied  from  65  Oe  for  epitaxy-ready  GaAs  substrates 
to  over  300  Oe  for  the  roughest  substrate  surfaces.  The  en¬ 
hancement  of  the  eoercivity  for  rougher  substrates  can  be 
explained  by  perturbed  growth  of  the  film  on  such  surfaces 
and  consequently  increased  number  of  defects,  which  ob¬ 
struct  domain  wall  movements.  Because  of  the  scatter  in  co- 
ercivity  values  on  one  hand  and  correlation  between  ex¬ 
change  bias  and  eoercivity  on  the  on  the  other,  we  indicated 
in  our  initial  articles5,6  that  selected  samples  with  polycrys¬ 
taliine  fluoride  (with  high  Hc)  had  larger  exchange  bias  than 
those  with  single  crystalline  KCoF3,  however  the  ratio 
HbfHc  for  the  large  group  of  samples  measured  is  larger  for 
the  single  crystalline  fluoride.  This  fact  is  demonstrated  in 
Fig.  3,  which  shows  the  HbfHc  ratio  dependence  on  the 
thickness  of  the  Fe  film  for  the  single  crystal  fluoride 
samples.  Since  we  made  a  few  samples  with  each  thickness 
the  points  in  the  graph  represent  averaged  results  for  samples 
with  the  same  thickness.  The  ratio  of  exchange  bias  to  eoer- 
civity  decreases  quickly  from  104%  to  about  half  of  this 
value  as  the  Fe  layer  thickness  is  increased  by  only  4  atomic 
layers.  Surprisingly,  decay  of  exchange  bias  is  much  slower 
for  larger  thicknesses  of  Fe  and  it  is  still  above  35%  for 
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FIG.  4.  The  temperature  dependence  of  coercivity  and  exchange  bias  for 
single  crystal  Fe/KCoF3  bilayer  deposited  on  MgO  substrate. 

samples  as  thick  as  3  nm.  This  suggests  that  the  dependences 
of  the  coercivity  and  exchange  bias  on  thickness  ( d )  does 
not  both  follow  the  lid  law7  as  for  the  majority  of  exchange 
bias  systems.7,8  Our  data  indicate  that  the  exchange  bias  fol¬ 
lows  the  lid  dependence  reasonably  well  while  the  coerciv¬ 
ity  does  not.  One  possibility  to  explain  this  is  that  die  ex¬ 
change  bias  is  an  interface  phenomenon  while  the  coercivity 
of  die  Fe  film  depends  on  both  interface  and  bulk  effects. 
This  idea  is  supported  by  the  fact  that  there  is  no  dramatic 
change  in  the  coercivity  around  the  Neel  temperature. 

The  samples  with  the  polycrystalline  fluoride  showed 
similar  decay  of  the  HbfHc  ratio  with  the  Fe  thickness  for 
the  thinnest  Fe  films,  however  their  results  were  reduced 
compared  to  those  for  the  samples  with  the  single  crystal 
KC0F3.  One  possibility  to  explain  this  is  that  above  1.5  nm 
the  interface  topography  between  the  Fe  and  the  fluoride  re¬ 
mains  the  same  while  below  this  thickness  the  interface 
roughness  could  change  with  Fe  thickness.  The  exchange 
bias  depends  on  the  direction  of  the  applied  field  with  respect 
to  the  crystallographic  axes.  Both  the  coercive  field  and  ex¬ 
change  bias  were  about  10%  smaller  when  measured  along  a 
hard  anisotropy  axis  (110)  than  those  measured  along  an  easy 
magnetization  direction  (100). 

To  understand  the  role  of  the  substrate,  we  deposited  a 
Fe/KCoF3  structure  with  10  monolayers  of  Fe  and  30  nm  of 
single  crystal  fluoride  on  an  MgO  substrate  with  a  similar  Fe 
seed  layer  and  Ag  template.  In  Fig.  4  we  again  plot  the  be¬ 
havior  of  die  bias  and  coercive  fields  as  a  function  of  the 
temperature.  In  this  case  the  exchange  bias  curve  was  again 
parallel  to  the  coercivity  curve  and  it  again  approached  zero 
close  to  114  K,  but  the  decay  of  the  coercivity  had  a  slightly 
different  character  than  that  for  the  films  deposited  on  GaAs, 
For  the  sample  on  die  MgO  substrate,  the  coercivity  and 
exchange  bias  do  not  depend  on  the  crystallographic  direc¬ 
tion.  Coercivity  at  the  Neel  temperature  decreased  to  only 
about  half  of  its  low  temperature  value  and  it  was  distinctly 
lai^er  at  room  temperature  than  that  for  the  samples  depos¬ 
ited  on  GaAs.  This  suggests  that  magnetoelastic  effects  may 
be  responsible  for  the  observed  differences  in  the  tempera¬ 
ture  dependence  of  coercivity  and  exchange  bias  for  samples 
deposited  on  different  substrates.  This  interpretation  involves 
different  mismatches  between  the  substrate  and  template 
structures  and  different  thermal  expansion  coefficients  for 
GaAs  and  MgO  substrates.  Magnetoelastic  effects  may  be 
quite  an  important  factor  for  understanding  fills  behavior  be¬ 
cause  of  the  giant  magnetostriction  of  KC0F3 ,8’9 
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FIG.  5.  Training  effect  in  die  exchange  biased  structure.  Dashed  line  and 
filled  squares  represents  the  fourth  cycle  of  the  hysteresis  loop.  The  sample 
with  1.05  nm  of  Fe  and  30  nm  single  crystal  fluoride  was  deposited  on 
epitaxy-ready  GaAs. 

It  is  also  important  to  mention  that  samples  with  file 
polycrystalline  or  the  single  crystal  antiferromagnet  followed 
the  theoretical  prediction  of  a  model  for  the  temperature  de¬ 
pendence  of  exchange  bias  only  if  unstable  grains  play  a 
substantial  role.10  However,  in  this  case  one  expects  the 
blocking  temperature  to  be  substantially  below  the  Neel  tem¬ 
perature,  which  is  not  observed  for  the  single  crystal  sample. 
We  note  that  the  temperature  dependence  of  the  exchange 
bias  is  a  very  rich  and  complex  phenomenon  and  can  depend 
significantly  on  the  grains  and  magnetic  properties  of  file 
ferromagnet  and  antiferromagnet.11  After  a  few  hysteresis 
loops  one  of  the  hysteresis  branches  was  shifted  toward 
lower  fields  by  a  few  Oersteds.  The  positive  branch  of  the 
hysteresis  loop  remained  unchanged  as  illustrated  in  Fig.  5. 
In  the  case  of  FMR  measurements,  a  few  rotations  of  the  bias 
field  were  enough  to  significantly  reduce  the  unidirectional 
anisotropy.  This  reduction  in  exchange  bias  was  from  5%  to 
7%.  This  behavior  is  consistent  with  our  interpretation12 
based  on  KouveTs  model.13  As  expected,  there  is  no  training 
effect  for  the  seed  layer— magnetization  reversal  at  higher 
fields  is  unaffected  by  file  number  of  cycles.  Both  poly-  and 
single-crystal  fluoride  samples  exhibited  a  similar  training 
effect.  This  is  curious  in  that  one  normally  associates  training 
with  a  distribution  of  pinning  sites  and  local  anisotropies. 
One  might  expect  that  the  distribution  should  narrow  for  the 
single  crystal  film  and  widen  for  the  polycrystalline  film. 
One  possibility  is  that  the  training  may  be  most  strongly 
affected  by  defects  at  the  interface  region,  which  exist  in 
both  the  poly-  and  single-crystal  fluoride  structures. 
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We  have  grown  precisely  ordered  and  precisely  located  arrays  of  ultra-small  magnetic  dots.  The 
nanofabrication  process  is  based  on  the  use  of  a  protein  crystal  etch  mask  which  is  used  to  create  a 
hexagonal  lattice  of  holes  in  Si  substrates.  An  assembly  of  (Fe/Pd)4  dots  with  the  average  dot  size 
of  10  nm  in  diameter,  6.5  nm  height,  and  an  average  separation  between  dot  centers  of  22  nm  was 
grown  using  molecular-beam  epitaxy.  The  dot  locations  are  determined  by  the  ^ologwral  mask  to 
is  used  to  create  ordered  arrays  of  ~4  nm  deep  holes  in  Si.  Fe/Pd  multilayers  (1  nm  thick  Fe  and 
0  4  nm  thick  Pd  layers)  were  deposited  to  create  dots  within  these  holes.  The  dots  extend  ~2  5  nm 
above  the  surface,  with  a  thicker  (1.5  nm)  final  layer  of  Pd  for  protection  of  these  structures  during 
measurements.  Magneto-optical  Kerr  effect  and  magnetometry  data  showed  that  these  objecte  are 
magnetic  even  at  room  temperature  and  are  fairly  soft  with  a  coercive  field  of  ~  . 

Measurements  of  the  hysteresis  loop  revealed  that  magnetization  is  f  ff  4  "Meff 
die  order  of  15  kG.  ©  2003  American  Institute  of  Physics.  [DOI:  10.1063/1.1543861) 


INTRODUCTION 

During  the  last  two  decades,  the  use  of  ultrahigh  vacuum 
technology  has  made  possible  the  creation  of  ultrathin  mag¬ 
netic  structures  with  interfaces  that  are  sharp  on  the  atomic 
scale.  This  development  has  brought  not  only  other  ways  of 
engineering  artificial  magnetic  materials  but  also  exciting 
discoveries  such  as  exchange  coupling,  giant  magnetoresis¬ 
tance,  and  magnetic  tunneling.1  As  a  result,  the  significant 
interest  by  industry  in  different  magnetic  materials  and  de¬ 
vices  has  rejuvenated  activities  in  the  field  of  ultrathin  mag¬ 
netic  structures. 

One  issue  of  paramount  importance  is  the  patterning  of 
ultrathin  magnetic  structures  into  objects  of  nanometer  scale 
and  the  study  of  their  static  and  dynamic  properties.  There 
are  techniques,  such  as  electron-beam  or  x-ray  lithography, 
which  make  such  patterning  possible,  although  there  are  sig¬ 
nificant  restrictions.  For  example,  electron-beam  lithography 
can  make  objects  on  a  scale  of  10  nm,  but  its  time-intensive 
serial  nature  makes  large-area  patterning  with  this  technique 
unfeasible.  X-ray  photolithography  requires  use  of  synchro¬ 
tron  radiation,  which  is  not  commonly  accessible.  The  aim  of 
our  work  was  to  grow  patterned  magnetic  structures  using  a 
biologically  derived  parallel  fabrication  technique  and  to 
study  the  magnetic  properties  of  die  structures.  This  ap¬ 
proach  allowed  us  to  create  large  areas  of  patterned  magnetic 
structures  (~cm2).  In  this  article,  we  describe  in  detail  the 
preparation  of  Si  wafers,  the  growth  process,  and  the  results 
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of  superconducting  quantum  interference  device  magnetome¬ 
ter  (SQUID)  and  magneto-optical  Kerr  effect  (MOKE)  mea¬ 
surements  on  a  regular  hexagonal  array  of  10  nm  in  diameter 
(Fe/Pd)4  magnetic  dots. 

SAMPLE  PREPARATION 

The  growth  process  is  based  on  the  use  of  two- 
dimensional  protein  crystals  as  an  etch  mask.  The  prepara¬ 
tion  of  the  protein  crystals  and  tiieir  use  as  masks  have  been 
described  in  previous  publications.3-6  They  are  native  two- 
dimensional  crystals  that  form  the  surface  layer  (S  layer)  of 
the  arehaebacteria  sulfolobus  acidocaldarius.  They  possess  a 
hexagonal  array  of  pores  with  a  22  nm  lattice  constant  and 
pore  diameters  of  10  nm.  The  size  of  the  native  protein  crys¬ 
tal  fragments  is  on  the  order  of  1  to  2  pxa  in  diameter. 

The  protein  crystals  were  applied  to  the  Si  wafer  in  an 
aqueous  suspension.  The  density  of  the  surface  coverage  is 
controlled  by  regulating  the  protein  concentration  in  the 
aqueous  suspension.  The  Si  substrates  used  in  our  studies 
were  approximately  50%  covered  with  S  layers,  which  in¬ 
sured  that  we  avoided  overlapping  protein  crystal  fragments. 
After  a  short  drying  process,  the  Si  wafers  were  placed  in  an 
electron-beam  deposition  system  where  a  layer  of  Cr  was 
deposited  under  an  angle  of  approximately  60°.  The  periodic 
topography  of  the  protein  crystals  produced  a  shadow  at  each 
pore  site,  effectively  creating  an  ordered  array  of  holes  in  the 
deposited  Cr  film.  Inductively  coupled  plasma  was  used  to 
transfer  the  pattern  of  the  protein  crystals  into  the  Si  sub¬ 
strate  in  the  form  of  an  ordered  array  of  holes,  verified  by 
atomic  force  microscopy  (AFM).  Areas  not  covered  by  Cr 
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FIG,  L  A  schematic  diagram  of  die  individual  magnetic  dot 


are  etched  while  those  with  Cr  are  protected.  The  size  of  the 
holes  was  adjusted  by  varying  the  etch  parameters  and  time. 
These  Si  substrates,  with  the  Cr/protein  crystal  mask  still  in 
place,  were  introduced  into  die  uitrahigh  vacuum  deposition 
system. 

We  grew  the  arrays  of  magnetic  dots  at  room  tempera¬ 
ture  in  a  molecular-beam  epitaxy  system,7  Using  Knudsen 
cells,  we  deposited  four  1  nm  thick  Fe  layers  separated  by 
0,4  nm  thick  Pd  layers.  The  final  Pd  layer  was  1.5  nm  thick 
to  prevent  oxidization  during  measurements  in  ambient  con¬ 
dition.  Figure  1  shows  a  schematic  diagram  of  our  individual 
magnetic  dot  The  thicknesses  of  the  individual  layers  and 
the  rate  of  growth  (—0.1  nm/min)  were  monitored  by  a 
thickness  monitor.  In  addition  to  the  patterned  Si  substrate, 
we  deposited  a  control  sample  directly  on  bare  unpattemed 
Si.  Despite  the  fact  that  the  Si  substrates  were  introduced  to 
the  molecular-beam  epitaxy  system  with  the  protein  mask  on 
them,  we  did  not  observe  an  increase  of  the  base  pressure, 
indicating  that  outgassing  was  minimal.  After  deposition,  we 
removed  the  protein  mask  leaving  arrays  of  (Fe/Pd)4  dots  on 
the  Si  substrates. 

AFM  measurements  were  made  in  air  using  a  Digital 
Instruments  Nanoscope  III  operating  in  tapping  mode  (Fig. 
2).  Dot  diameters  were  on  the  order  of  10  nm.  Because  we 
have  not  yet  optimized  our  mask  removal  technique,  defects 
and  missing  dots  can  be  found  in  the  array,  most  likely  cre¬ 
ated  during  the  removal  or  liftoff  process.  Magnetic  force 
microscopy  measurements  were  attempted,  but  preliminary 
efforts  have  been  unsuccessful.  We  have  had  difficulty  get¬ 
ting  the  resolution  below  30  nm,  and  thus  have  not  been  able 
to  image  individual  dots  with  magnetic  contrast. 

MAGNETIC  MEASUREMENTS 

Before  presenting  the  magnetic  results  we  would  like  to 
comment  on  the  question  of  superparamagnetic  behavior  in 
these  structures.  The  prepared  magnetic  dots  are  very  small 
(10  nm  in  diameter  and  6,5  nm  in  height).  Pure  iron  objects 
with  such  small  dimensions  are  superparamagnetic  above  ap¬ 
proximately  50  K  since  thermal  fluctuations  are  much  larger 
than  the  anisotropy  energy.  To  increase  the  blocking  tem¬ 
perature  one  needs  to  introduce  an  additional  anisotropy  to 


FIG,  2,  Atomic  force  microscopy  image  of  (Fe/Pd)4  magnetic  dots  grown 
on  a  Si  substrate.  The  thickness  of  an  individual  Fe  layer  within  a  dot  was  1 
nm,  the  thickness  of  Pd  between  Fe  layers  was  0,4  nm,  and  die  dots  were 
capped  with  a  1.5  nm  thick  Pd  layer. 

the  structures.  By  layering  the  Fe  with  Pd,  nine  Pd/Fe  inter¬ 
faces  were  created  which  significantly  increased  the  effective 
anisotropy,8  Furthermore,  die  0.4  nm  thick  Pd  interlayer  be¬ 
tween  the  Fe  layers  produces  a  strong  ferromagnetic  cou¬ 
pling  between  the  Fe  films,  and  each  dot  thus  responds  as  a 
single  magnetic  unit.9 

We  conducted  a  series  of  magnetic  measurements  using 
a  MOKE  system  and  a  SQUID  magnetometer.  Both  tech¬ 
niques  revealed  that  the  system  is  ferromagnetic  even  at 
mom  temperature  because  a  coercive  field  was  observed. 
The  shape  of  the  hysteresis  loops  was  very  different  for  the 
patterned  samples  than  that  observed  for  samples  with  a  con¬ 
tinuous  film  (see  Fig,  3).  For  file  continuous  film  structures 
we  observed  a  square  hysteresis  loop  with  a  coercive  field  of 
10  Oe;  the  patterned  structures  exhibited  S- shape  hysteresis 
loops  with  larger  coercive  fields  (on  the  order  of  35  Oe), 


FIG.  3,  Hysteresis  loop  for  the  magnetic  dot  array  measured  at  295  K  with 
the  magnetic  field  applied  in  the  plane  of  the  structure.  Inset  shows  data  for 
identical  continuous  film  structure.  Note  die  squareness  of  the  hysteresis 
loop  for  the  continuous  film  structure. 
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FIG.  4.  Hysteresis  loop  measured  at  5  K  with  the  magnetic  field  applied 
normal  to  die  sample  plane.  The  solid  lines  represent  theoretical  calculations 
of  the  magnetization  vs  field  for  the  continuous  film  structure  and  for  an 
array  of  independent  do t$  with  the  appropriate  demagnetizing  factors. 

Moreover,  the  patterned  structure  requires  a  field  of  4  kOe  to 
reach  saturation.  The  saturation  field  decreases  with  decreas¬ 
ing  temperature  to  3  kOe  at  5  K,  The  coereivity  increased 
with  decreasing  temperature,  reaching  a  value  of  90  Oe  at  5 
K.  Since  the  samples  do  not  exhibit  translational  invariance 
over  the  range  larger  than  2  /xm,  the  measured  response  is  an 
average  for  all  dots  in  different  patterned  regions. 

The  out-of-plane  measurements  showed  that  it  was  nec¬ 
essary  to  apply  a  magnetic  field  larger  than  15  kOe  in  order 
to  saturate  the  sample  (see  Fig.  4).  This  indicates  that  the 
magnetization  is  in  the  plane  of  the  sample.  Moreover,  the 
shape  the  hysteresis  loop  in  this  configuration  is  very  differ¬ 
ent  than  that  found  in  continuous  films  and  also  different  for 
that  expected  for  an  army  of  independent  dots.  In  Fig.  4  the 
solid  lines  represent  theoretical  calculations  of  the  magneti¬ 
zation  versus  field  for  the  continuous  film  structure  and  for 
an  army  of  independent  dots  with  demagnetizing  factors  Nx 
=  A^=0.24  and  Nz- 0.52  (where  z  is  the  axis  of  the 
cylinder).10  The  calculation  for  M(H)  for  the  independent 
dot  is  based  on  a  minimization  of  the  magnetostatic  energy 
and  Zeeman  energy  and  assuming  that  the  interior  fields  can 
be  appropriately  approximated  by  the  demagnetizing  factors. 
The  fact  that  the  measurements  lie  in  between  these  two 
limits  suggests  that  there  is  substantial  interaction  between 
the  dots. 

Figure  5  presents  data  on  the  temperature  dependence  of 
the  coereivity  for  applied  field  both  perpendicular  and  in 
plane.  The  coereivity  decreases  slowly  as  temperature  in¬ 
creases  for  both  configurations.  This  suggests  that  the  super- 
paramagnetic  limit  is  well  above  room  temperature.  It  is  in¬ 
teresting  to  note  that  the  coereivity  is  larger  for  the  out-of¬ 
plane  geometry. 


Malkinskf  et  ah  7327 


Temperature  (K) 

FIG,  5.  The  coercive  field  as  a  function  of  the  temperature  measured  with 
fee  magnetic  field  applied  in  plane  (open  symbols)  and  normal  (solid  sym¬ 
bols)  to  the  structure. 


In  conclusion,  we  have  grown  series  of  ultra  small 
(Fe/Pd)4  dot  arrays.  The  magnetic  properties  of  the  dot  ar¬ 
rays  are  very  different  from  those  of  the  equivalent  continu¬ 
ous  films.  The  coercive  field  for  the  dot  array  is  increased  by 
a  factor  of  three  and  file  saturation  field  is  increased  by  a 
factor  of  over  100.  The  out-of-plane  results  showed  that  the 
behavior  of  our  system  lies  between  that  of  a  continuous  film 
and  an  array  of  independent  dots,  indicating  that  the  interac¬ 
tion  between  these  dots  is  important.  The  presence  of  eoer- 
civity  and  the  shape  of  the  hysteresis  loops  indicate  that 
these  dots  am  magnetic  even  at  room  temperature. 
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ABSTRACT 

We  present  results  on  Fe  and  Permalloy  based  microstrip  microwave  band  stop  filters. 
These  structures,  prepared  on  GaAs  substrates,  are  compatible  in  size  and  growth  process 
with  on-chip  high  frequency  electronics.  We  observed  power  attenuation  of  100  dB/cm  for 
Permalloy  and  180  dB/cm  for  Fe.  The  insertion  loss  is  low  -  2-3  dB  for  Permalloy  and  3-5 
dB  for  the  Fe  based  structures.  Our  geometry  includes  a  significant  boost  to  the  zero-field 
operational  frequency  due  to  the  shape  anisotropy  of  the  magnetic  element  in  the 
microstrip.  Using  the  shape  anisotropy  we  create  a  Fe-based  filter  that  operates  at  1 1  GHz 
with  zero  applied  field. 
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The  frequency  range  of  10-100  GHz  is  particularly  interesting  for  communications, 
military  and  security  applications.  For  example,  there  are  obvious  needs  to  see  through 
fog,  clouds,  and  smoke,  but  this  can  not  be  done  in  visible  light  or  infrared  radiation. 
These  obstacles  are  transparent,  however,  for  electromagnetic  waves  at  particular 
frequencies  in  the  GHz  range.  Thus  signal  processing  in  this  range  is  of  significant 
importance. 

There  are  a  few  devices  that  operate  at  high  frequencies;  however  they  are  large 
and  bulky.  Recently  we  have  witnessed  incredible  progress  in  high  frequency 
semiconductor  electronics  and  a  movement  towards  the  synthesis  of  different  electronic 
components  into  integrated  circuits.  Here  we  describe  new,  on-wafer,  magnetic  devices 
which  are  small  and  could  be  integrated  with  high  frequency  electronics.  Reduction  of 
device  dimensions  in  these  monolithic  microwave  integrated  circuits  is  important  from  the 
cost  and  reliability  point  of  view. 

The  operational  frequency,  f,  can  be  obtained  from  the  ferromagnetic  resonance 
condition  and  is  set  by  material  properties,  such  as  saturation  magnetization,  Ms, 
anisotropy  fields,  Ha  ,  the  gyromagnetic  ratio,  y,  and  the  magnitude  of  an  applied  field,  H. 
If  the  applied  field  is  along  the  easy  axis,  the  frequency  is  given  by 

/  =  y4{H  +  Ha\H  +  Ha+*nMs)  (1) 

and  therefore  the  resonance  frequency  can  be  varied  with  an  external  magnetic  field. 

Most  current  devices  are  based  on  a  low  magnetization  ferrimagnetic  insulator 
(YIG),  Our  work,  in  contrast,  uses  a  novel  approach  where  high  magnetization,  metallic 
ferromagnets  are  the  active  element  in  these  filters.  This  high  magnetization  allows  the 
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high  frequency  operation.  The  table  below  shows  theoretical  results  for  operational 
frequencies  for  different  materials. 


Material 

4tiMc  fkGl 

Frequency  fGHzl  at  1  kG  Aoolied  Field 

YIG 

1.75 

4.8 

Permalloy 

10.0 

9.7 

Fe 

21.5 

17.2 

With  YIG  an  applied  field  of  over  1 1  kG  is  necessary  to  reach  frequencies  of  about  35 
GHz.  Such  large  fields  are  incompatible  with  devices  of  a  limited  size  since  substantial 
electromagnets  are  required.  Clearly  the  use  of  metallic  ferromagnets  would  significantly 
increase  the  operational  frequency. 

While  Fe  has  a  much  higher  resonance  frequency  for  the  same  applied  field,  its 
conductivity  can  lead  to  high  loss  at  microwave  frequencies.  However,  structures  utilizing 
thin  Fe  films  minimize  conduction  loss  while  still  producing  high  attenuation  at  the  band- 
stop  frequency.1'2  Early  attempts  at  producing  Fe-film-based  structures  have  succeeded  in 
making  filters  with  high  band-stop  frequencies  and  low  broadband  loss.1'3  However,  the 
maximum  attenuation  only  reached  about  4-5  dB/cm.  Currently,  a  number  of  different 
approaches  have  been  investigated  using  ferromagnetic  metals.4"9 

Our  theoretical  calculations10'12  indicated  that  attenuation  in  the  notch  filters  was 
inversely  proportional  to  the  thickness  of  the  waveguide.  Essentially  as  one  reduces  the 
thickness  of  the  dielectric  a  larger  fraction  of  the  electromagnetic  energy  density  is 
contained  in  the  ferromagnetic  metal.  At  resonance  this  energy  is  easily  dissipated  and  one 
obtains  a  larger  attenuation.  Based  on  this  work,  we  have  recently  constructed  microstrip 
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band-stop  filters  using  a  different  geometry  and  growth  method,  resulting  in  much  higher 
attenuation.4'6  Most  of  the  previous  devices  have  been  fabricated  using  Molecular  Beam 
Epitaxy  (MBE).  In  contrast,  we  have  constructed  magnetic  devices  grown  by  magnetron 
sputtering,  a  technique  commonly  used  in  industry.  The  sputtering  technique  has  a  second 
advantage.  MBE  grown  films  are  generally  thin,  less  than  100  nm,  but  the  microwave 
devices  require  thicker  films,  1-2  microns,  to  be  on  the  order  of  the  skin  depth  in  the 
magnetic  material.  The  sputtering  technique  is  quite  capable  of  producing  these  thicker 
films. 

Here  we  report  results  on  microstrip  devices  which  exhibit  strong  attenuation  (up  to 
180  dB/cm  in  power  measurements)  and  low  insertion  loss  (2-3  dB).  This  is  accomplished 
by  creating  devices  with  good  impedance  matching  which  is  achieved  by  making  the 
microstnp  line  much  narrower.  Because  the  microstrip  line  includes  the  ferromagnetic 
material  there  is  a  second  major  effect,  a  boosting  of  the  operational  frequency  due  to  the 
created  shape  anisotropy  in  the  magnetic  material. 

In  Fig.  1  we  show  a  cross  section  of  our  device.  Using  sputtering  we  deposit  the 
following  sequence  of  materials  on  GaAs  substrates.  We  begin  by  growing  the  bottom 
electrode  -  a  2  nm  seed  layer  of  Fe,  a  2  micron  thick  Ag  layer,  a  Ti  layer  for  adhesion.  The 
rest  of  the  structure  is  grown  through  a  shadow  mask,  starting  with  a  4  micron  thick  SiC>2 
film ,  a  thin  Ti  film  for  adhesion,  Fe  or  Permalloy  film  ( 0.3  to  0.5  microns  thick)  followed 
by  a  thick  Ag  film  (1.5  microns  thick) .  The  device  is  patterned  by  photolithography  and 
dry  etched. 

We  determine  the  performance  of  our  devices  using  a  vector  network  analyzer.  We 
characterized  the  microstrip  transmission  lines  at  frequencies  from  1  to  40  GHz  using  an 
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automated  vector  network-analyzer.  To  remove  the  influence  of  cables,  probes,  etc.  an  on 
wafer  calibration  was  done  using  the  NIST  Multical®  software  for  die  through-short-line 
(TRL)  calibration  procedure13. 

Before  we  present  our  results  we  estimate  the  effect  of  the  shape  anisotropy  on  the 
operational  frequency.  The  magnetic  material  in  our  structure  is  in  the  form  of  a  long 
ribbon  with  die  following  dimensions  -  length  =  3  mm,  width  =  18  pm,  thickness  =  0.35 
pm.  This  leads  to  the  following  dynamic  demagnetizing  factors,  Nx  =  0.966,  Ny  =  0.034, 
and  Nz  =  0.  The  formula  for  the  resonance  condition  is  now  given  by 

f  =  yV(H  +  Ha  +  (Ny  -Nz)4rcMsJ(H  +  Ha  +  (Nx  -NJ4tiMs)  (2) 

If  we  calculate  the  frequency  at  zero  applied  field,  we  find  that  without  the  shape 
anisotropy  die  frequency  is  zero  (if  Ha  =  0)  and  with  the  shape  anisotropy  the  frequency  is 
about  1 1  GHz  for  the  Fe  structure  and  about  5  GHz  for  Permalloy.  This  is  a  substantial 
boost  in  operational  frequency. 

In  Figure  2  we  plot  transmission  as  a  function  of  frequency  for  the  Py  based 
microstrips.  We  first  note  that  the  zero-field  frequency  is  slightly  above  4  GHz,  in 
reasonable  agreement  with  the  estimate  above  based  on  shape  anisotropy.  The  insertion 
loss  over  most  of  the  region  is  on  the  order  of  2-3  dB  while  the  power  attenuation  is  close 
to  values  of  100  dB/cm.  The  width  of  the  attenuation  dip  (measured  at  3  dB  above  the 
minimum,  i.e.  half  maximum)  becomes  distincdy  narrower  at  higher  frequencies  (0.4  GHz 
for  the  dip  at  20  GHz  compared  to  a  width  of  0.82  GHz  at  4.3  GHz).  This  narrowing  of  the 
width  of  the  attenuation  peak  is  consistent  with  our  theoretical  results  as  seen  in  the  inset. 

In  Figure  3  we  show  the  results  for  an  Fe  based  microstrip.  The  zero-field 
frequency  of  about  1 1  GHz  is  in  excellent  agreement  with  the  calculation  based  on  shape 


5 


anisotropy.  For  the  Fe-based  structure  the  insertion  loss  is  somewhat  larger,  between  3-5 
dB.  The  power  attenuation  is  dramatically  larger,  180  dB/cm  at  30  GHz.  Again  we  seen  a 
narrowing  of  the  width  of  the  attenuation  dip  -  it  is  3  GHz  at  1 1  GHz  and  narrows  to  1.9 
GHz  at  30  GHz. 

We  show  the  dependence  of  the  operational  frequency  on  applied  field  in  Figure 
4.  The  dots  represent  the  experimental  results  and  the  solid  lines  are  the  theoretical  results 
based  on  Eq.  (2)  with  no  adjustable  parameters.  The  dashed  line  represents  the  theoretical 
results  in  the  absence  of  shape  anisotropy.  The  effect  of  the  shape  anisotropy  is  clearly 
present  in  the  experimental  data,  particularly  at  low  magnetic  fields.  The  effect  is 
substantially  larger  in  Fe  than  in  Permalloy  because  the  saturation  magnetization  in  Fe  is 
more  than  double  that  of  Permalloy. 

In  summary  we  have  designed  and  built  a  microstrip  notch  filter  based  on 
ferromagnetic  metals.  These  devices  show  large  attenuations  with  relatively  low  insertion 
loss.  The  growth  and  structuring  of  the  filter  is  compatible  with  placing  such  a  device  on  a 
chip  with  additional  high  frequency  electronics.  We  also  show  that  substantial  increases  in 
operational  frequency  can  be  achieved  by  using  shape  anisotropy  of  the  ferromagnetic 
metal. 

We  acknowledge  support  from  US  Army  Research  Office  under  grants  and 
DAAD 19-02- 1-0 174  and  DAAD19-00-1-0146. 
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Figure  Captions: 
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Figure  1  Structure  of  the  microstrip  notch  filter. 

Figure  2  Transmission  parameter  in  the  Permalloy-based  notch  filter  as  a  function  of 

frequency  for  different  applied  magnetic  fields.  Inset  shows  theoretical  results. 

Figure  3  Transmission  parameter  in  the  Fe-based  notch  filter  as  a  function  of  frequency 
for  different  applied  magnetic  fields. 

Figure  4  Frequency  of  attenuation  dip  as  a  function  of  applied  field  for  Fe  and  Permalloy 
notch  filters.  Note  the  shape  anisotropy  produces  a  significant  difference  at  low 
fields. 
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Figure  1 :  Structure  of  the  microstrip  notch  filter. 
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Figure  2:  Transmission  parameter  in  the  Permalloy-based  notch  filter  as  a  function  of 
frequency  for  different  applied  magnetic  fields.  Inset  shows  theoretical  results. 
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Figure  3:  Transmission  parameter  in  the  Fe-based  notch  filter  as  a  function  of  frequency 
for  different  applied  magnetic  fields. 
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Figure  4:  Frequency  of  attenuation  dip  as  a  function  of  applied  field  for  Fe  and  Permalloy 
notch  filters.  Note  the  shape  anisotropy  produces  a  significant  difference  at  low  fields. 
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We  also  have  theoretical  calculations 
for  this  effect.  Using  the  same 
parameters  as  discussed  above  we 
find  the  results  shown  on  the  right. 

The  between  theory  and  experiment  is 
excellent. 
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